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APPARATUS AND METHOD FOR REDUCING SPINDLE POWER AND
ACOUSTIC NOISE IN A DISK DRIVE

BACKGROUND OF THE INVENTION

The present invention is directed generally to disk drives for data storage.
More particularly, the invention concerns a motor control syétem for reducing spindie
power and acoustic noise in such drives. '

The use of multi-phase brushless d.c. motors for powering computer disk
drives is well known. In such drives, a plurality of stator coil elements are configured
on a stationary substrate having a central axis about which the coil elements are
uniformly arranged: A rotor assembly having a plurality of permanent magnets
formed thereon rotates around the central axis, above the étator coils. The coils are
periodically energized in order to induce rotational movement in the rotor assembly.
Unlike conventional brush motors having mechanical brushes to commutate the stator
coils, brushless or commutator-free motors used in disk drives are self commutating.
They rely on magnetic or optical sensors and electronic circuitry to provide output

commutation signals corresponding to the angular position and rotational speed of the

rotor element.
In contrast to conventional d.c. motors, brushless motors tend to generate

unwanted noise and vibration as a result of excessive spindle power consumption.
Mo_rgover, whereas conventional d.c. motors have many bommutator_ bars providing
a relatively smooth torque output curve, brushless motors have relatively few phases
driving the rotor. The relatively long duration of passage of the rotor over the stator
results in significant torque ripple, which in turn causes acoustic noise and vibration.
The structural components of the drive may also generate acoustic noise and vibration,

as a result of structural resonance for example.




The present invention is directed generally ta disk drives for data
sterage. More particularly, the invention concerns a notor control system
for reducing spindle power and acoustic noise in such drives. The
use of nulti-phase brushless d.c. notors for powering conputer disk drives
Is well known. In such drives, a plurality of stator coil elenments are
configured on a stationary substrate having a central axis about which the
coil elenents are uniformy arranged. A rotor assenbly having a plurality
of permanent magnets forned thereon rgtates around the central axis, above
the stator coils. The coils are periodically energized in order to induce
rotational novenent in the rotor assenbly. Unlike conventional brush notors
havi ng nechani cal brushes to commutate the stator coils, brushless or
commutator-free notors used in disk drives are self commutating. They rely

on magnetic or optical .sensor,s and.electronic circuitry t rqui de, out put
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brushl ess notors ten generate unwanted noise and vibration as a result
of excessi vimt sfficiehtty pmivees spimdiepowienand ktnoasticengisavhmd tsatiomneansed bpal d. c.

not ors have nmany conmutator hars provi dhng‘ \ . .
excessive power consumption, torque ripple and physical drive properties.

SUMMARY OF THE INVENTION

In accordance with the foregoing objectives, an appai'auxs and method for
reducing spindle power and acoustic noise in a brushless d.c. motor for a disk drive
adjusts the commutation angle of the motor until a point of optimum power
consumption is reached. In a preferred approach implemented during drive operation,
a direction in which to change the commutation angle is determined such that spindle
power consumption is decreased. “The commutation angle is then changed in the
determined direction until a point of minimum spindle power consumiption is reached.
In order to determine the correct direction of commutation angle change, the
commutation angle is varied in a first direction for so long as the spindle power
consumption is decreasing. If varying the commutation angle of the motor in the first
direction results in an increase in spindle power consumption, the commutation angle
of the motor is varied in a second direction. During drive operation, the commutation
angle may be varied back and forth in order to maintain the point of minimum spindle
power consumption. In an alternative approach, an optimum commutation angle may
be programmed into a disk drive during its manufacture based on power consumption
and/or acoustic noise data obtained for that drive or based on a sampling of many
drives.

The apparatus and method also minimizes torque ripple by determining a drive
torque profile and storing that profile in memory as a table of torque constant values
indexed to the rotational position of the disk. The torque profile can be determined
during drive manufacture based on data obtained for that drive or based on a sampling

of many drives. As the disk spins, its rotational position is sensed and the drive
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a relatively snooth torque output curve, brushless notors have rel atively
few phases driving the rotor. The relatively Iong duration of passage of
the rotor over the stator results in significant torque ripple, which in
turn causes acoustic noise and vibration. The structural conponents of the
drive may al so generate acoustic noise and vibration. as a result of
structural resonance for exanple.

- 2- It is an object of the present invention to aneliorate one or
nore di sadvantages of the prior art. -3-

current is adjusted using a corresponding torque constant value. In this way, the drive
current is varied inversely to the torque profile so as to produce a substantially
uniform torque output, or a torque output that additionally compensates for structural
resopance or other drive properties. Still further, a current offset value may be
applied that is proportional to the difference between the torque profile and the

average torque.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects, advantages and features of the present invention will be more
clearly understood by reference to the following detailed disclosure and the
accompanying drawing in which:

Fig. 1'is a block diagram showing the functional components of an apparatus
constructed in accordance with the invention;

Fig. 2 is a graph showing commutation timing in the apparatus of Fig. 1; and

Fig. 3 is a flow diagram showing method steps performed by the apparatus of
Fig. 1.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now to Fig. 1, a disk drive 2 includes a disk assembly 4 containing
one or more disk platters carried on a spindle that is powered by a drive motor 5.
The disk assembly 4 may be of any conventional type used for direct access data
stc;rage and retrieval, including magnetic, optical, and magneto-optical media. As is
known, the disk(s) of the disk assembly 4 are configured to store data in a plurality
of concentric tracks, each of which are divided into plurality of sectors. The drive
motor 5 is a polyphase, brushless d.c. motor which conventionally includes a
stationary circuit element having a plurality of stator coil structures formed about a
central axis thereof, and a moveable rotor assembly having a plurality of permanent

magnets mounted for rotation about the central axis, above the stator coils. Other
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SUMMARY OF THE | NVENTI ON According to one aspect of the invention,

there is provided a nethod for comutating a brushless d.c.

notor for a

di sk drive having an information rotatable storage disk, wherein the notor
includes a rotatable stator having a rotational position characterised by
a commutation angle and wherein said notor has a torque output that varies

according to a predeterm ned torque profile when said notor
constant drive current, said nmethod conprising the steps of

Is powered by a

(a)

sensing spindl e power consunption of tHhe motor as a function of the

design configurations may also be used, as is known in the art.

A motor drive circuit 6 provides electrical signals to the drive motor 5 that
selectively energize and deenergize (i.e., commutate) the magnetic stator coils (motor
phases) in the drive motor to cause the disk assembly 4 to rotate. As is conventional,
the motor drive circuit 10 controls the timing of the stator coil energization pulses as
a function of the rotational position of the rotor (i.e., the commutation angle). It does
this by sensing a position indicating event and calculating a delay for the commutation
pulse. The position indicating event is preferably produced by a Hall-effect sensor or
some other indicator. For example, as is known, the rotor in a bruéhless d.c. motor
having permanent magnets will produce a back emf voltage in the motor phases as the
" rotor rotates. The magnitude of the back emf signal from a motor winding not

presently being activated can be compared to a reference voltage in order to determine
when to change the activation of the motor windings (i.e., commutate) to induce
- rotation in the rotor. In a three phase motor, two of the phases are energized while
one is not. The back emf signal is monitored on the unenergized phase to determine
the back emf zero crossing point across the reference voltage. The back emf
fluctuates as a sine function. The time at which the commutation pulse is sent is
calculated by allowing a predetermined delay to occur after the zero crossing event.
In a typical three-phase dc motor, a conventional commutation angle is thirty (30)
electrical degrees from a zero crossing of the back emf of a floating (unenergized) coil
of the motor. Fig. 2 illustrates the relationship between the commutation point (CP)
in iérms of a time delay (t) following the zero crossing point of the rectified back emf
signal across a reference voltage. As is known in the art, the cornmutation.angle (or
delay) in a brushless d.c. motor can be controlled either digitally or by analog
circuitry.
Returning now to Fig. 1, a head assembly 8 of conventional design is mounted
adjacent the disk assembly 4 and is positionable to write and/or read data on the disks

in accordance with known techniques. The head assembly 8 is electrically connected



comutation angl e; (b) changi ng the commutation angle while
monitoring notor power consunption until an optinmum commutation angle is
determ ned, said optinmum comrutation angle being the commutation angle
that yields mnimum power consunption and acoustic noise, and

varying the drive current applied to said notor during and between

comut ations thereof inversely to said torque profile, to thereby reduce
torque ripple in said torque output. Accordi ng to anot her aspect
of the invention, there is provided irs-a disk drive, an

to a disk controller 10 via a data/control line 11, with appropriate signal processing
(not shown) being provided as necessary. The disk controller 10 is a digital processor
made from conventional hardware components. Its operation is controlied by
firmware resident in a Programmable Read Only Memory (PROM) array 12 which
may be electrically (EEPROM) or otherwise (EPROM) erasable. The PROM 12
communicates with the disk assembly 10 via a bus line 14. The disk drive 2 further
includes a random access memory (RAM) 16 communicating with the disk controller
via a bus line 18.

The disk controller 10 sends control information to, and receives operating
information from, the motor drive circuit 6 via a control line 20, with appropriate
analog/digital conversion (not shown) being provided as necessary if the motor drive
circuit is analog in nature. Specifically, as described in detail below, the motor drive
circuit 6 provides commutation angle position data and drive current information to
the disk controiler 10. In response, the disk controller provides commutation angle
control signals and drive current correction signals for varying the commutation angle
and drive current of t‘he drive motor 5, respectively.

The disk controller 10 also needs to receive information about the rotational
position of the disk assembly 4. In a preferred embodiment, it does so using the head
assembly 8 via the line 11. An initial disk rotational position can be established by
placing a plurality of baseline index markers 22 along a single radius extending across
all of the tracks of the disk(s) of the disk assembly 4. Each revolution. of the disk(s)
1s .easily sensed by the head assembly 8, no matter which track the head assembly is
positioned over, by reading the baseline index markers. To further monitor disk
rotational position between each revolution. the disk(s) of the disk assembly 4 is
provided with a series of timing marks 24 extending along multiple radii (e.g. ninety
(90) radii) across all of the tracks of the disks. With ninety (90) timing marks per
track, the rotational position of the disk assembly 4 between each revolution is closely

monitored by the disk controller 10. It will be understood, however, that the number



apparatus for reducing notor power and acoustic noise in a sel f-comutating
brushless d.c. notor for said disk drive wherein the notor includes a
rotatable rotor having a rotational position characterised by a
conmut ati on angle, and wherein said notor has a torque output that varies
according to a torque profile when said notor is powered by constant drive
current, said apparatus conpri sing:

-6-

of timing marks used may vary depending upon factors such as desired data capacity
and position accuracy.

As an alternative to using the head assembly 8 for determining disk rotational
position between revolutions, a sensor 26, which may be part of the motor drive
circuit 10 or separate therefrom, is employed to sense the back emf signals from
nonenergized motor phases and to provide that information to the disk controller 10
via a control line 28. As a still further alternative, the disk rotational position between
revolutions is determined using a free-running clock. By calculating the number of
clock ticks per revolution of the disk assembly 4 to establish a rotational speed, disk
rotational position between revolutions is determined by counting the number of clock
ticks following the time at which the index marker 22, or a back emf pulse, is sensed.

Using the foregoing system configuration, and in accordance with a first aspect
of the invention, the disk controller 10 is programmed to control the motor drive
circuit 6 to adjust the commutation angle in order to achieve the optimal the current
required to drive the spindle in a manner that minimizes spindie power consumption.
This change in commutation angle is illustrated graphically in Fig. 2 by the dashed
lines showing a range of angular positions over which the commutation point CP
might be varied relative to the zero crossing point of the back emf signal.

Referring now to Fig. 3, the disk drive of Fig. 1 is preferably operated in
accordance with the first aspect of the invention in a manner now to be described in
which the disk controller 10 performs a series of method steps under -the control of
a program resident in the PROM 12. The program is written as source code in any

conventional programming language, such as "C," and compiled to a produce a binary
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- 2a- sensing neans for sensing notor power consunption as a

function of the conmutation angle; comut ati on angl e adj ust nent
means for varying the commutation angle until a point of m ninum acoustic
noi se and power consunption is determned, and current varying

means for varying the drive current applied to said notor during and
bet ween conmut ations thereof inversely to said torque profile to thereby
reduce torque ripple in said torque oytput. According to stil
anot her aspect of the invention, theré’is provided a nmethod for

machine language instruction set. Alternatively, the program is assembled from source
code written in assembly language.

In a first Step 30 of the method, the disk drive 2 is powered up and the disk
assembly -4 begins to accelerate to a nominal, substantially constant operating speed.
In Steps 32 and 34, the disk controller 10 begins to periodically check the rotational
speed of the disk assembly 4 to determine if the disk assembly has reached its nominal
operating range. When it has, the disk controller begins in Step 36 to sample real
time drive current information provided by the motor drive circuit 6 via line 20, and
to process that information to determine an average drive current required to power
the drive motor 5 according to known methods. Alternatively, Step 36 is pelfonned
by the motor drive circuit 6, which includes digital circuitry, or in an analog design,
a capacitor circuit for calculating average drive current. The motor drive circuit 6
then provides that information directly to the disk controller 10.

In Steps 38 through 48, the disk controller determines a commﬁtation angle
that will minimize spindle power consumption. It does this by sensing the spindle
power consumption of the drive motor 5 as a function of commutation angle, and by
adjusting the commutation angle of the motor until a point of minimum spindle power
consumption is reached. More specifically, the disk controller 10, in conjunction with
the motor drive circuit 6, performs the following steps: (a) Sensing spindle power
consumption as a function of the commutation angle of the motor 5, (b) determining
a direction in which to change the commutation angle such that spindle power
co'n's-umption is decreased, and (c) changing the commutation angle in the direction
determined in step (b) until a point of minimum spindle power consumption is
reached. Thereafter, the disk controller periodically adjusts the commutation angle as
necessary to maintain a point of minimum spindle power consumption throughout

drive operation. The disk controller periodicadlly adjusts the commutation angle to



operatfng a self-comutating brushless d.c. notor for a disk drive wherein
has a torque output that varies according to a torque profile

sai d notor

when said notor is powered by a constant drive current, said nethod
conprising the steps of: sensing at | east one operating

characteristic of said notor;

sai d notor

drive current applied to said notor dufing and between comutations

thereof inversely to said torque profile,

in

maintain a point of minimum spindle power consumption during drive operation by
repeating steps (a), (b) and (c).

In accordance with Fig. 3, steps (a), (b) and (c), are preferably implemented
as follows: In Step 38, the disk controller 10 requests the motor drive circuit 6 to
incrementally vary the commutation angle of the disk drive motor 5 in a first direction
from the existing commutation angle. The incremental variation in commutation angle
is preferably in a range of approximately .5 to 1.0 electrical degrees, although other
increments could be used. The total amount of required commutation angle variation
may be as much as +/-10 to 25 electrical degrees. In Step 40, the disk controller 10
tests the real time drive current data provided by the motor drive circuit 6 across line
20 to determine whether spindle power consumption of the drive motor 5 has
decreased as a result of varying the commutation angle in the first direction. If
spindle power consumption has decreased, Steps 38 and 40 are repeated unti] a point
of minimum spindle power consumption is reached. If it is determined in Step 40 that
spindle power consumption has increased as a result of varying the commutation angle
in the first direction, Step 42 is invoked to vary the commutation angle of the drive
motor 5 in a second opposing direction. In Step 44, the disk controller 10 again tests
the real time drive current provided by the motor drive circuit 6 across line 20 to
determine whether spindle power consumption of the drive motor 5 has decreased as
a result of varying the commutation angle in the second direction. If spindle power
consumption has decreased, Steps 42 and 44 are repeatéd until a point of minimum
spindle power consumption is reached.

In order to determine the commutation angle at which minimum spindle power
consumption is reached a method is needed to avoid "overshooting the mark.” This
condition arises from the fact that the method cannot determine whether a point of
minimum spindle power consumption has beeh reached until it makes one adjustment
bevond the minimum power point. For example, after one or more commutation angle

adjustments in a given direction. a point of minimum spindle consumption will be

adjusting a conutation angle of
until an optinmum conmutation angle is determned that mnimzes
t he magni tude of the operating characteristic; and varying the

to thereby reduce torque ripple



sai d torque output. According to still another aspect of the

I nwvention, there is provided a nethod for reducing acoustic noise in a

sel f-commutating brushless d.c. notor for a disk drive, wherein said notor
has' a torque output that varies according to a torque profile when said
motor is powered by a constant drive current, said nmethod conprising the
steps of: sensing the acoustic noise generated by said drive;
adjusting a conmutation angle of said notor until an optinmum comrutati on
angle is determined that yields a poi nt-of nininum acoustic noi se, and
varying the drive

reached. That point wiil be followed by another commutation angle adjustment and
a determination that spindle power consumption has increased from the previous value.
To return to the point of minimum spindle power, the commutation angle must be
reset to its previous value. Thus, the method includes Step 46, which is invoked after
varying the commutation angle until the spindle power consumption no longer
decreases (i.e., it is greater), to reset the commutation angle to the value before the
last change in commutation angle.

Once the commutation angle required for minimum spindle power consumption
has been determined following power up, the same procedure can be periodically
invoked during drive operation to maintain the point of minimum spindle power
consumption. )

As an alternative to the foregoing implementation of the first aspect 6i the
invention, an optimum commutation angle is programmed into the disk drive 2 during
its manufacture based on data obtained for that drive or based on a sampling of many
drives. The optimum commutation angle is determined, as in the foregoing discussion
of Fig. 3, as a function of the minimum achievable spindle power consumption.
Alternatively, the optimum commutation angle is determined by directly measuring
acoustic performance in manufacturing each drive, or by sampling the acoustic
performance of many drives. The optimum commutation angle is stored on the disk
assembly 4 or in the PROM 12, for example.

In accordance with a second aspect of the invention, the drive current applied
to fhe motor 5 is adjusted to compensate for torque ripple and/or acoustic noise
resulting from structure resonance and/or other drive properties. The amount of drive
current adjustment to apply is determined by making measurements of many files
based on preexisting drives or, as part of the manufacturing process, by measur{ng a
torque profile for each individual drive. In either case, a series of torque constant
values is determined relative to the rotational position of the rotor. The number of

torque constant values preferably corresponds to the number of timing marks 24 on



-2b - “current applied to said notor during and between conmutations
thereof inversely to said torque profile, to thereby reduce a torque
ripple in said torque output. According to yet another aspect of
the invention, there is provided a nethod for reducing spindle power in a
sel f-comut ating brushless d.c. notor for a disk drive, wherein said notor
has torque output that varies according to a torque profile when said

-10-

the disk(s) of the disk assembly 4 (e.g., 90). Each torque constant is a dimensionless
value representing a multiple by which the actual measured torque differs from a
nominal constant torque value. The variation in drive current determined from the
torque constant information is utilized both during and in between successive
commutations of the drive motors. Fig. 2 illustrates how the drive current might vary
relativé to commutation.

The torque constant information is stored in the PROM 12 or on the disk
assembly 4. In the former case, the torque constant information is accessed by the
disk controller 10 directly from the PROM 12. The latter case represents the preferred
embodiment, as shown in step 48 of Fig. 3. The torque constant information is read
from the disk assembly 4 and placed in the RAM 16 as part 6f the power up process,
or thereafter. The torque.constant information is preferably stored in table form as
a torque constant table that is indexed by successive addresses in the RAM 16, each
of which holds a single torque constant value corresponding to a rotational position
increment of the disk assembly. Other formats, such as a polynomial fit, may
alternatively be used. According to this alternative, the disk controller 10 is
programmed to solve a polynomial equation to determine a torque constant value
based on an input value representing the rotational position of the disk assembly 4.

Turning back to Fig. 3, the disk controller 10 waits in Step 50 for a baseline
index pulse to be sensed by the head assembly 8 reading the baseline index marker
22 on the disk assembly 4. When the baseline index pulse is received, the disk
controller 10 initializes the address pointer for the RAM 16 to the memory location
of the first torque constant value corresponding to an angle of zero degrees. In Step
54, the disk controller 10 reads the torque constant value from the current location in
the torque constant table. The disk controller 10 then calculates a new drive current
in Step 56 by modifying the actual real time current then being reported by the motor
drive circuit 6 via line 20 using the inverse of the retrieved torque constant. The

corrected drive current value is returned to the motor drive circuit 6 via line 20 and



not,or 'is powered by a constant drive current said method conprising the
steps of: sensing the power consuned by said notor;

adjusting a conmutation angle of said notor until an optinmum comrutati on
angle is determ ned that yields a point of m ninum power consunption and
varying the drive current applied to said notor during and between

comut ations thereof inversely to said torque profile, to thereby reduce a
torque ripple in said torque output. According to still another
aspect of the invention, there is provﬂ&ed a disk drive powered by a notor
having a rotor whose rotational position is determned by a

applied to the drive motor 5. In step 58, the address pointer for the RAM 16 is then
incremented to the next position in the torque constant table and the disk controller
10 waits for a timing mark 24 to be sensed in Step 60. When a timing mark is
sensed, the disk controller determines in Step 62 whether a new baseline index pulse
has been sensed. If not, the disk controller 10 returns to Step 54 to read out the next
torque constant value. When the next baseline index pulse is sensed in Step 62, the
disk controller 10 returns to Step 52 to reinitialize the address pointer to begin a new
rotation.

The corrected drive current determined according to the above method would
typically be inversely proportional to the torque profile of the disk drive 2. However,
in some cases it may be desirable tc; produce a corrected drive current that varies
inversely with the torque profile but not necessarily proportionally thereto. For
example, if the disk drive generates acoustic noise due to structural resonance or some
other physical drive characteristic. the invention could be adapted to apply a corrected
drive current that does not result in a uniform torque output but instead produces a
torque output that varies in a way that will cancel the noise generating vibrations. In
that case, additional current modifying values may be combined with the torque
constant values, either in stored form or using real time calculations, to produce an
output torque of any desired waveform. It may also be desirable to combine the
torque constant values determined from the measured torque profile with a constant
offset value that is proportional to the difference between the torque profile and the
ai;éfage torque (i.e., the rms of the torque ripple waveform).

Accordingly, an apparatus and method for reducing spindle power and
accoustic noise in a disk drive has been described. While various embodiments have
been disclosed, it should be apparent that many variations and alternative embodiments
would be apparent to those skilled in the art in view of the teachings herein. It is
understood, therefore, that the invention is not to be in any way limited except in

accordance with the spirit of the appended claims and their equivalents.



commut ati on angle, and wherein said notor has torque output that varies
actording to a torque profile when said notor is powered by a constant
drive current said disk drive conprising: means for sensing at

| east one operating characteristic of said notor; means for
adjusting a conmutation angle of said notor until an optinmum comutation
angle is determ ned that m nim zes the magnitude of the operating
characteristic and current varying neans for varying the drive
current applied to said notor duringl12-

WE CLAIM:



and.bet ween comut ations thereof inversely to said torque profile, to

t hrereby reduce torque ripple in said torque output.

- 2c - . According to yet another aspect of the invention, there is
provided a disk drive powered by a notor having a rotor whose rotational
position is determined by a commtation angle, wherein said notor has
torque output that varies according to a

-13-

CLAIMS

1. A method for commutating a brushless d.c. motor for a disk drive
having a rotatable storage disk, e.g. wherein the motor includes a rotatable stator
having a position expressed in terms of a commutation angle having a magnitude and
direction, comprising the steps of: '

(a) sensing spindle power consumption of the motor as a function of the
commutation angle of said motor; and

(b) changing said commutation angle in a direction while monitoring motor
power consumption until an optimum commutation angle is determined or identified

that yields minimum power consumption.

2. The method of Claim 1 wherein said optimum commutation angle is
determined in accordance with said method during manufacture of said disk drive and
programmed into said drive.

3. The method of Claim 1 further including the step of periodically
adjusting said commutation angle following step (b) to maintain a point of minimum

power consumption during drive operation.

4. The method of Claim 3 further comprising the step of periodically
adjusting said commutation angle to a point of minimum power consumption during
drive operation by repeating steps (a), and (b).

5. The method of Claim 1 further comprising the step of determining a
direction in which to change said commuzztion angle such that the motor power

consumption is decreased.

This Sheet Has Been Rep
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torque profile when said notor is powered by a constant drive current sald
disk driving conprising: means for sensing the acoustic noi se of
sai d notor, nmeans for adjusting the commutation angle of said
nmotor until an optinmum conmutation angle is determned that yields a point
of m ni mum acoustic noi se, and current varying neans for varying
the drive current applied to said nmotor during and between commutations

t hereof inversely to said torque proflle to thereby reduce torque ripple
in said torque output. -14

6. The method of Claim 5 wherein the direction determining step further
comprises the steps of:

(i) varying the commutation angle of said motor in a first direction;

(ii) determining whether power consumption of said motor has decreased as
a result of varying the commutation angle in said first direction;

(iii) repeating steps (i) and (ii) if spindle power consumption is determined to
decrease il-l step (ii) until a point of minimum power consumption is determined; or

if spindle power is determined not to decrease in step (ii):

(iv) varying the commutation angle in a second direction;

(V) determining whether power consumptim:l of said motor has decreased as a
result of varying the commutation angle in said second direction; and

(vi) repeating steps (iv) and (v) if power consumption is determined to
decrease in step (v) until a point of minimum spindle power consumption is

determined.

7. The method of Claim 6 wherein steps (iii) and (vi) include the steps of
varying said commutation angle until said spindle power consumption no longer
decreases, then resetting said commutation angle to the value before the last change

in commutation angle effected by steps (i) and (iv).

8. The method of Claim 1 wherein said motor has a torque output that
varies according to a predetermined torque profile when said motor is powered by a
constant drive current, and wherein said method further includes the step of:

varying the real time drive current applied to said motor during and between

commutations thereof inversely to said torque profile.

9. The method of Claim 8 wherein said real time drive current is varied

e
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Accoerding to still another aspect of the invention, there is prOV|ded a
disk drive powered by a notor having a rotor whose rotational position is
determi ned by a commutation angle, and wherein said notor has torque
output that varies according to a torque profile when said nmotor is
powered by a constant drive current, said disk drive conprising:

nmeans for sensing the power of said notor; nmeans for adjusting a
comut ati on angle of said notor until optimum comutation angle is
determned that yields a point of m nimlim power consunption, and

current varying neans for yarying the drive current applied to said notor
during

inversely proportional to said torque profile.

10.  The method of Claim 9 wherein a value is applied to said real time
drive current that is proportional to a difference between said torque profile and an

average torque.

11.  The method of Claim 8 wherein said drive current is varied by reading
torque constant values from a torque constant table based on the rotational position
of said information storage disk and applying those values to said real time drive

current at selected rotational positions of said disk.

12.  The method of Claim 9 wherein said torque constant table is stored on
said information storage disk and read into a random access memory when said disk

drive is powered up.

13. The method of Claim 9 wherein the rotational position of said
information storage disk is determined by reading index and timing marks on said
disk.

14, Inadisk drive, an apparatus for reducing motor power and/or accoustic
noise in a self-commutating brushless d.c. motor for said disk drive wherein the motor
includes a rotatable stator having a position expressed in terms of a commutation
angle having a magnitude and direction, said apparatus comprising:

sensing means for sensing motor power consumption as a function of the

commutation angle of said motor; and

e ——..
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and .bét ween commut ati ons thereof inversely to said torque profile, to

t hereby reduce torque ripple in said torque output. According to
yet -anot her aspect of the invention, there is provided a nethod of
mnimzing torque ripple in a disk drive having a rotatable storage disk
and a nmotor including nmagnetic stator coils, said notor having a torque
output that [err] -2d -

-16-

commutation angle adjustment means for varying said commutation angle in

a desired direction until a point of minimum power consumption is determined.

15.  The apparatus of Claim 14 further including power maintenance means
for periodically adjusting said commutation angle to a point of minimum power

consumption during drive operation.

16.  The apparatus of Claim 15 wherein said power maintenance means
employs said sensing means and said angle adjustment means to periodically adjust
said commutation angle to maintain said point of minimum power consumption during

drive operation.

17.  The apparatus of Claim 14 further comprising means for determining
a direction in which to change said commutation angle such that the motor power

consumption is decreased.

18.  The apparatus of Claim 17 wherein said direction determining means
includes:

test means for varying the commutation angle of said disk drive motor in a
selected direction;

power consumption determining means for determining whether power
consumption of said disk drive has decreased as a result of varying the commutation
angle in said selected direction; and

iteration means for repeatedly invoking said test means to adjust said
commutation angle in a first direction for so long as said power consumption
determining means determines that power consumption is decreasing as a result of
adjusting said commutation angle in said first direction and for repeatedly invoking

said commutation angle adjustment test means to adjust said commutation angle in a

et Has Been Replaced P
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a predbternined torque profile when said notor is powered by a constant

drd ve current, conprising the steps of energi zi ng and

deenergi zing the magnetic stator coils so as to comutate said notor; and
varying the drive current applied to said notor during and between

comut ations thereof inversely to said torque profile so as to mnim ze
torque ripple.

-17-

second direction for so long as said power consumption determining means determines
that power consumption is decreasing as a result of adjusting said commutation angle

in said second direction.

19.  The apparatus of Claim 18 wherein said iteration means includes means
for invoking said test means to vary said commutation angle until said power
consumption no longer decreases, then to reset said commutation angle to the value
before the last change in commutation angle effected by said commutation angle

adjustment test means.

20.  The apparatus of Claim 14 wherein said motor has a'torque output that
varies according to a torque profile when said motor-is powered by a constant drive
current, and wherein said apparatus further includes:

current varying means for varying the real time drive current applied to said

motor during and between commutations thereof inversely to said torque profile.

21.  The apparatus of Claim 20 wherein said current varying means varies

said real time drive current inversely proportional to said torque profile.

22.  The apparatus of Claim 21 wherein said current varying means further
varies said real time drive current by applying a value thereto that is proportional to

a difference between said torque profile and an average torque.

23.  The apparatus of Claim 20 wherein said means for varying said drive

current includes means for reading torque constant values from a torque constant table

A R A A
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-3 - BRI EF DESCRI PTI ON OF THE DRAW NGS The
ohyj ects advant ages and features of the present invention wll be nore
clearly understood by reference to the foll ow ng detail ed disclosure and
the acconpanying drawi ng in which: Fig. 1 is a block diagram
showi ng the functional conponents of an apparatus constructed in
accordance with the invention; . Fig. 2 is a graph show ng

comuni cation timng in the apparatus of Fig. 1; and

based on the rotational position of said information storage disk and applying those

values to said real time drive current at selected rotational positions of said disk.

24.  The apparatus of Claim 23 wherein said torque constant table is stored
on said storage disk and read into a random access memory when said disk drive is

powered up.

25.  The apparatus of Claim 23 wherein the rotational position of said

storage disk is determined by reading index and timing marks contained on said disk.

26. A method for reducing power and accoustic noise in a self~commutating “
brushless d.c. motor for a disk drive, comprising the steps of: i

sensing the power consumption and/or the accoustic noise of said motor as a
function of commutation angle; and

adjusting the commutation angle of said motor until an optimum commutation
angle is determined that yields a point of minimum power and/or minimum accoustic

noise consumption.

27.  The method of Claim 26 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed

into said disk drive.

28.  The method of Claim 26 wherein said method is performed on a
plurality of disk drives and an average optimum commutation angle is determined

therefrom and programmed into said drives.
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Fig. :3"is a flow di agram showi ng net hod steps performed by the apparatus of
Fig. 1. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT
Referring nowto Fig. 1, a disk drive 2 includes a disk assenbly 4
containing one or nore disk platters carried on a - spindle that is powered
by a drive notor 5. The disk assenbly 4 may be of any conventional type
used for direct access data storage and retrieval, including magnetic,
optical, and magnet o-optical nedia. Asld's known, the

29. A method for reducing acoustic noise in a self-commutating brushless
d.c. motor for a disk drive, comprising the steps of:

sensing the acoustic noise generated by said drive as a function of

commutation angle; and

adjusﬁng the commutation angle of said motor until an optimum commutation

angle is determined that yields a point of minimum acoustic noise.

30.  The method of Claim 29 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed

into said disk drive.

31.  The method of Claim 29 wherein said method ‘is performed on a
plurality of disk drives and an average optimum commutation angle is determined

therefrom and programmed into said drives.

32. - A method for reducing spindle power in a self-commutating brushless
d.c. motor for a disk drive, comprising the steps of:

sensing the power of said motor as a function of commutation angle; and

adjusting the commutation angle of said motor until an optimum commutation

angle is determined that yields a point of minimum power consumption.

33.  The method of Claim 32 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed

into said disk drive.
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dlsk(53 of the disk assenbly 4 are configured to store data in a pIurallty
of: concentric tracks, each of which are divided into plurality of sectors.
The drive notor 5 is a polyphase, brushless d.c. notor which
conventionally includes a stationary circuit elenent having a plurality of
stator coil structures fornmed about a central axis thereof, and a noveable
rotor assenbly having a plurality of permanent magnets nounted for rotation
about the central axis, above the stator coils. Qher

-20-

34,  The method of Claim 32 wherein said method is performed on a
plurality of disk drives and an average optimum commutation angle is determined

therefrom and programmed into said drives.

35. A disk drive powered by a motor having a stator whose position is
determined by a commutation angle said disk drive comprising:

means for sensing the power and/or the accoustic noise of said motor as a
function of commutation angle; and

means for adjusting the commutation angle of said motor until an optimum
commutation angle is determined that yields a point of minimum power consumption

and/or accoustic noise.

36. A disk drive poWered by a motor having a stator whose position is
determined by a commutation angle, said disk driving comprising:

means for sensing the accoustic noise of said motor as a function of
commutation angle; and

means for adjusting the commutation angle of said motor until an optimum

commutation angle is determined that yields a point of minimum accoustic noise.

37. A disk drive powered by a motor having a stator whose position is
determined by a commutation angle, said disk drive comprising:

means for sensing the power of said motor as a function of commutation angle;
and

means for adjusting the commutation angle of said motor until an optimum

commutation angle is determined that yields a point of minimum power consumption.

———.

T B —
G

I




-4- « design configurations may also be used, as is known in the art.

A notor drive circuit 6 provides electrical S|gnals to the drive notor 5
t‘hat sel ectively energize and deenergize (i.e., comutate) the magnetic
stator coils (notor phases) in the drive notor to cause the disk assenbly 4
to rotate. As is conventional. the notor drive circuit 10 controls the
timng of the stator coil energization pylses as a function of the
rotational position of the rotor (i.e., the conmutation angle). It does
this by sensi nARPARATUSQUINDIMBIHOD FGR REDGCING SPINDEE POWERIENBY for the

comut ati on pul se. The position indicating event is preferably produced.by
a Hall-effect sensor or ACOUSTIC NOISE IN A DISK DRIVE

ABSTRACT |

An apparatus and method for reducing spindle power and acoustic noiée in a self-

commutating brushless d.c. motor for a disk drive (2) wherein the motor includes a

rotatable stator having a position expressed in terms of a commutation angle having a

magnitude and direction. The method (38-48) senses the spindle power consumption of

the motor as a function of the commutation angle of the motor, and changes said

commutation angle until an optimum commutation angle is determined that yields

minimum power consumption.

Fig. 3
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sone. 6t her indicator. For exanple, as is known, the rotor in a brushless
d.c. notor having permanent nagnets will produce a back enf voltage in the
not or phases as the rotor rotates. The magnitude of the back enf signa
froma notor wi nding not presently being activated can be conpared to a
reference voltage in order to determ ne when to change the activation of
the notor windings (i.e., comutate) to ixguce rotation in the rotor. In a
t hree phase notor, two of the phases are energized while one is not. The
back enf signal is nonitored on the unenergi zed phase to determ ne the back
enf zero crossing point across the reference voltage. The back enf
fluctuates as a sine function. The tinme at which the commutation pulse is
sent is calculated by allowing a predeterm ned delay to occur after the
zero crossing event. In a typical three-phase dc notor, a convdnti onal
comut ation anglg is thhrt} (30) electrical degrees froma zerq crossing of
the back enf jof @ float}| ng/{(unengrgi zed) coil of the notor. Fig. 2
illustrates tlhe rielgigamski en the commutation point (CP)Y in terns of
a tinme delay{(t) i ero crossing oint of theNrecti|fied back
enf signal agrdg As isdknomn in thefart, lthe

commut ati on gngl e ; rugpless .c._notat can be dontroll ed
either digitdlly o irchityy. .
w
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Ret-.urning now to Fig. 1, a head assenble 8 of conventional design is
mount ed adj acent the disk assenbly 4 and is positionable to wite and/or
read data on the disks in accordance with known techni ques. The head
assenbly 8 is electrically connected

-5-
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to a disk controller 10 via a data/control line 11, with appropriate signal
processi ng (not shown) being provided as necessary. The disk controller 10
is a digital processor made from conventional hardware conponents. Its
operation is controlled by firmvare resident in a Programmbl e Read Only
Mermory (‘PROM) array 12 which may be electrically (EEPROVM or otherw se
(EPROM erasable. The PROM 12 communicaggs with the di sk assenbly 10 via a
bus line 14. The disk drive 2 further includes a random access nenory (RAM

16 comrunicating with the disk controller via a bus line 18. The
di sk controller 10 sends control information to, -and recei ves operating
information from the notor drive circuit 6 via a control line 20, with

appropri ate anal og/digital conversion i,r&a& ﬁh p~Dbejgng provided as
necessary if the notor drive circuit a g 09 ijn nature. Specifically, as
described in detail below, the notor drivelcircuit 6 provides conmnutation
angl e position data and drive cuerm_R.rm.t_w.n_LE blﬁﬁruj the di sk controller
10. In response, the disk_controllpr ati angl e control
sianals and drive current correcti {ROTATIONAL fSPEEB}yIn Jznlt he cormmut ati on
ctively.

angl e and drive current

DETERMINE AVERAGE
DRIVE CURRENT

}

CHANGE COMMUTATION ANGLE ;

IN A FIRST DIRECTION ~—38
o FROM THE EXISTING
COMMUTATION ANGLE

~—36

40

AVERAGE DRIVE
CURRENT DECREASED
?

NO

CHANGE COMMUTATION ANGLE
IN A SECOND DIRECTION |~—42
FROM THE EXISTING
COMMUTATION ANGLE

#

HAS L4

AVERAGE DRIVE

CURRENT DECREASED
?

| YES

FIG. 38

GO TO 46



The disk controller 10 al so needs to receive information about the
rotational position of the disk assenbly 4. In a preferred enbodi nent, it
does so using the head assenbly 8 via the line 11. An initial disk
rotational position can be established by placing a plurality of baseline
i ndex mar'’kKers 22 along a single radius extending across all of the tracks
of the disk(s) of the disk assenbly 4. Rash revolution, of the disk(s) is
easily sensed by the head assenbly 8, no matter which track the head
assenbly is positioned over, by reading the baseline index markers. To
further nonitor disk rotational position between each revolution. the

di sk(s) of the disk assenmbly 4 is provided with a series of timing marks 24
extending along nmultiple radii (e g. ningty (90) radii) across all of the

tracks of the disks. Wth g T, i track, the
rotational position of the (ﬁ%% MMUF% 9 A'Nrt\sﬁetgqh\_q} luti-on is
Eé L& T @HAS@EZ e understood

closely nonitored by the d|sk c
READ TORQUE CGNSTANT DATA

however, that the nunber
FROM DISK AND STORE IN
CONSECUTIVE MEMORY ~—48
LOCATIONS IN ONBOARD
RAM TO CREATE A TORQUE .
~ CONSTANT DATA TABLE

]

50

WAIT
FOR BASELINE

INDEX PULSE
? ;

SET ADDRESS POINTER FOR

TORQUE CONSTANT DATA TABLE

TO LOCATION OF FIRST TORQUE [~—52
CONSTANT VALUE AT 6=0

READ TORQUE CONSTANT
VALUE FROM CURRENT MEMORY
LOCATION IN TORQUE —~—>54
CONSTANT DATA TABLE

CALCULATE NEW DRIVE

CURRENT BY APPLYING TORQUE

CONSTANT VALUE TO NORMAL [~—56
DRIVE CURRENT

1
INCREMENT ADDRESS POINTER |~_58

'

GO TO 60
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-6-  of timng marks used nmay vary dependi ng upon factors such as
desired data capacity and position accuracy. As an alternative to
usi ng the head assenbly 8 for determ ning disk rotational position between
revol utions, a sensor 26, which may be part of the notor drive circuit 10
or separate therefrom is enployed to sense the back enf signals from
nonener gi zed not or phases and to provngSthat information to the disk
controller 10 via a control line 28. As a still further alternative, the
di sk rotational position between

60

HAS

A TIMING MARK

BEEN SENSED
?

62

HAS
BASELINE INDEX
PULSE BEEN

SENSED

FIC. 8 (CONT'D).
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revolutions is determned using a free-running clock. By calcul ating,phe
nunber of clock ticks per revolution of the disk assenbly 4 to establish a
rotational speed, disk rotational position between revol WA+ ~——mmm
determi ned by counting the nunber of clock ticks follow ngREMEIER abHEsT
whi ch the index marker 22, or a back enf pulse, is sensed. (——--—\Jsi-Rg--{ he
foregoi ng system confi gurat ion, and in accordance with affiirst waspeotwof
the invention, the disk controller 10 is programed to contrdl the nmotor
drive circuit 6 to adjust the conmutation angle in order |toc-achteve—the
optimal the current required to drive the spindle in a manner that
m nimzes spindl e power consunption. This change in conmmutatTon—angre—+s
i | lustrated graphical Il i$ ranFiobject? obythé hpresants freentiom és anfedioratey oac r em georef
angul ar positions over which the commutation point CP mght be varied

relative to éggvgtﬁg@sgf@@?hggupoi nt of the back enf signal.
Referring now to Fi he disk drive of Fig. | is preferably operated in

accordance with the first aspect o now t o be
described in which the disk contro$wv/§?tfmhzs S of nmet hod steps
under the control of a programresident in the PROM 12, The programis
written as source codedcording toconevaspestofihe mveroantheregis movidedye meshpdhfoss
"C," and conpil.ed to a produce a binary

commutating a brushless d.c. motor for a disk drive having a rotatable storage disk, e.g.

wherein the motor includes a rotatable stator having a position expressed in terms of a
commutation angle having a magnitude and direction, comprising the steps of:
| (a)  sensing spindle power consumption of the motor as a function of the
commutation angle of said motor; and
() changing said commutation angle in a direction while monitoring
motor power consumption until an optimum commutation angle is determined or identified
that vields minimum power consumption.

According to another aspect of the invention, there is provided in a disk drive, an
apparatus for reducing motor power and/or acoustic noise in a self-commutating brushless
d.c. motor for said disk drive wherein the motor includes a rotatsble stator having a
position expressed in terms of a commutation angle having a magnitude and direction, said
ﬁpparatus comprising:

sensing means for sensing motor power consumption as a function of the
commutation angle of said motor; and

commutation angle adjustment means for varying said commutation angle in a

desired direction until 2 point of minimum power consumption is determined.
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-7- machi ne | anguage instruction set. Alternatively, the prpgy@m'ﬂ"swu T

assenbl ed from source code witten in assenbly | anguage. 1 ——dpafiest
Step 30 of the nmethod, the disk drive 2 is powered up and tihe d.LSk 7 59
2a

According to still another aspect of the invention, there is provided-a-method-for——-—o-
operating a self-commutating brushless d.c. motor for a disk drive, comprising the steps

————

of: This Sheet Has B

ISR——— | [

adjusting the commutation angle of said motor in a direction until an optimum
commutation angle is determined that minimizes the magnitude of the operating
characteristic,

~ According to still another aspect of the invention, there is provided a method for
reducing acoustic noise in a self—commutadnglbtushless d.c. motor for a disk drive,
comprising the steps of:

sensing the acoustic noise generated by said drive as 2 function of commutation
angle; and

adjusting the com;nutation angle of said motor until an optimum commutation
angle is &etermimd that yields a point of minimum acoustic noise.

According to yet another aspect of the invention, there is provided & method for
reducing spindle power in a self-comnmutating brushless d.c. motor for a disk drive,
comprising the steps of:

sensing the power of said motor as a function of commmutation angle; and

adjusting the commﬁtation angle of said motor unhl an optimum commutation
angle is determined that yields a point of minimum power consumption.

According to still another aspect of the invention, there is provided a disk drive

powered by a motor having a stator whose position is determined by a commuration

angle, said disk drive comprising:




assenbly 4 begins to accelerate to a nom nal, substantially.const-aptw——-———r
operating speed. In Steps 32 and 34, the disk controller 1D dggpn&ikis] SHEET
periaodically check the rotational speed of the disk assenbiy .4-to-deternine
i f the disk assenbly has reached its nom nal operating range{ Wen-i4 -hgs,;
the disk controller begins in Step 36 to sanple real time drilvé current”” |
I nformati on provided by the notor drive circuit 6 via |ine}20—antd—to—""
process that information to deternm ne an gyerage drive curient required to
power the drive motor 5 according to known nmethods. Alter ndtively—Step—36
I's perforned by the fm)tor_ drive circuit, 6, which | ngl u&ies di gi t al

circuitry, or imeans ign3ansige dkleas)que gpezaling characteristic of sa1d moporeande i at i ng
average drive current. The notor drive circuit 6 then provides that

i nformati on di r eeadsyfor adjustingdihelcommmitatioh | angle1dT. said motor ih @ diteepien 8A&kilt r ough
48, the disk controller determnes a commutation angle that wll mnimze

spi ndl e po ol ' ﬁrﬁ'}e? gt j d
consunpti o\rq%g?ﬁ?‘ﬂ?ﬁ ve&r%oat %IF q%@%es é ut%\ét I on o%%%m??gﬂnﬁ%%@ngand by
adj usting the comutati on angle of the notor until a point of m ninum

spi ndl e powSRIEGHEHHti on is reached. More specifically, the disk
controller 10, in conjunction with the notor drive circuit 6, perforns the
fol | owi ng st epsAc¢ariiingdn Jieh gnasherraspest o6 wher inventionnphereis provided andisk driveof t he
comut ati on angle of the notor 5, (b) determ ning

powered by a motor having a stator whose position is determined by & commutation

angle, said disk drive comprising:

means for sensing the acoustic noise of said motor as a function of commutation
angle; and

means for Mjusﬂg the commutation angle of said motor until an optimum
commutation angle is determined that yields 2 point of minimum acoustic noise.

According to still another aspect of the invention, there is provided a disk drive
powered by a mﬁtor héving a stator whose position is determined by a commutation
angle, said disk drive comprising:

means f;:r sensing the power of said motor as a function of commutation angle; and

means for adjusting the commmtation angle of said motor until an optimum
commutation angle is determined that yields a point of minimum power consumption.

According to yet another aspect of the invention, there is provided a method of
minimizing torque ripple in a disk drive having a rotatable storage disk and a motor
including magnetic stator coils, said motor having a torque ocutput that varies according
to a predetermined torque profile when said motor is powered by a constant drive

current, comprising the steps of:
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a direction in which to change the comutati on angl e such that‘“Spl nu:q
power consunption is decreased, and (c) changing the conmut atji oii‘ahigii:!
the direction deternmined in step (b) until a point of mninum spﬂdi‘er ‘poweT-—
consunption is reached. Thereafter, the disk controller periad aﬁlgy{”;;;g 1857
adjusts the conmutation angle as necessary to maintain a point fof mnimum

spi ndl e power consunption throughout drivegoperation. The di gk controfrter

periodically adjusts the commtation angle to

- 8-
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energizing and de-energizing the magnetic stator coils so as to commutate said-

motor; and

varying the real time drive current applied to said motor during and between

commutations thereof inversely to said torque profile so as to minimize torque ripple.

BRIEF DESCRIPTION OF THE DRAWINGS
. The objecté, advantages and features of the present invention will be more

clearly understood by reference to the following detailed disclosure and the
accompanying drawing'in which:

Fig.:1'is a block diagram showing the functional components of an apparatus
constructed in accordance with the invention;

Fig. 2 is a graph showing commutation timing in the apparatus of Fig. 1; and

Fig. 3 is a flow diagram showing method steps performed by the apparatus of
Fig. 1.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now to Fig. 1, a disk drive 2 includes a disk assembly 4 containing
one or more disk platters carried on a spindle that is powered by a drive motor 3
The disk assembly 4 may be of any conventional type used for direct access date
stc;rag'e and retrieval, including magnetic, optical, and magneto-optical media. As is
known, the disk(s) of the disk assembly 4 are configured to store data in a plurality
of concentric tracks, each of which are divided into plurality of sectors. The drive
motor 5 is a polyphase, brushless d.c. motor which conventionally includes e
stationary circuit element having a plurality of' .stator coil structures formed about 2
central axis thereof, and 2 moveable rotor assembly having a plurzlity of permanan:

magnets mounted for rotation about the central axis, above the stator coils. Other

-~
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mai ntain a point of m ninmum spindl e power consunption during drive
operation by repeating steps (a), .(b) and (c). I n_accordance with
Fig. 3, steps (a), (b) and (c), are preferably inplenente@hasmfﬁhﬁ&M5 én,
Step 38, the disk controller 10 requests the nmotor drivd CLrCuit B 1O -
incrementally vary the comutation angle of the disk drijvej nptor. 5 Lm"a
first direction fromthe existing comutation angle. Theg ncf@nenfah»wLi
variation in commutation angle is preferably in a range jofL.approxi nate
to 1.0 electrical degrees, although othgr increments coyld be used. The
total anmount of required comutation a% le variati on may-be.as.mich as
+/-10 to 25 electrical degrees. In Step 40, the disk controller 10 tests
the real tinme drive current data provided by the notor drive circuit 6
across line 20 to determ ne whet her spindle power consunption of the drive
notor 5 has decreased as a result of varying the comrutation angle in the
first directbased ohfthesmitnidhe! pusivon fearlinfinaionhiasagdalidendagplyRleansse38 and

40 are repeated until] a point
values 10 said real time drive current at selected rotational positions of said disk.

24.  The apparatus of Claim 23 wherein said torque constant table is stored
on said storage disk and read into a random access memory when said disk drive is

powered up.

25. The apparatus of Claim 23 wherein the rotatmnal position of said
storage disk is determined by reading index and mmng marks contamed on said disk.

26. A method for operating a self-comrnutating brushless d.c. motor for a disk
drive, comprising the steps of:

sensing at least one operating characteristic of said motor; and

adjusting the comumutation angle of said motor in a direction until an optimum
commutation angle is determined that minimizes the magnitude of the operating

characteristic.
27. . The method of Claim 26 wherein said method is performed on said disk
* drive during drive manufacture and said optimum commutation angle is programmed

into said disk drive.

28.  The method of Claim 26 wherein said method is performed on a

plurality of disk drives and an average optimum commutation angle is determined
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therefrom and programmed into said drives.
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of m ni mum spi ndl e power consunption is reached. If it is determned in
Step 40 that spi ndie—power—consunption -has increased as a result of varying

the commut ati on angyw it prst direction, Step 42 is-Tmvoked to vary

t he' conmut at i on_anﬁ E'HMH ” ” M rotor 5 in a second pgpFPREdir evtiton

In Step 44, the di sk controkl again tests the real -ti"rre“crr“ivé"’ém'rFm
h

provided by the notor drive circuit 6 across |line 20 tojdeterm pe”vhEl hier
spi ndl e power consunption of the drive notor 5 has decré¢ased as a resul
varying the commutation angle in the second direction. kf Spindle power
consunpti on has decreased, Steps 42 2Rd 44 are repeatedjuntil a point, of
m ni mrum spi ndl e power consunption is reached. In order to determ ne
the conmmutation angle at which m ni mum spi ndl e power consunption is reached
a nmethod is needed to avoid "overshooting the mark." This condition arises
fromthe fact that the nmethed cannot determ ne whether a point of m ninmum
spi ndl e power cgnsu | S vaﬁe?e' dal L. ust ment
beyond the m ni%m ﬁ&%&?n??%ﬁ gganp é{}jglgpt%l?ﬁlgﬁgg)?r%eeda%ﬁut ation
angl e adj ugluraint 6f Hidk alrivey afid dnrRefdge Hpambsi ddmmltatiinadBle IS ddaretiBed
consunption will be

therefrom and programmed into said drives.

Of

© e - . . oy e mpTaTTIes s e srmemn

35, A disk drive powered by a motor having a stator whose position is
determined by a commutation angle,' safd disk drive comprising:

means for sensing at least one operating characteristic of said motor; and

means for adjusting the commutation angle of said motor in a direction until an
optimum commutation angle 1s deteﬁnined that minimizes the magnitude of the operating

characteristics.

- —— s e ~—— -

36. A disk drive powered by a motor having a stator whose position is
determined by a commutation angle, said disk driving comprising:

means for sensing the accoustic noise of said motor as a function of
commutation: angle; and

means for adjusting the commutation angle of said motor until an optimum

commutation angle is determined that yields a point of minimum accoustic noise.

37. A disk drive powered by a motor having a stator whose position is
determined by a commutation angle, said disk drive comprising: .

means for sensing the power of said motor as a function of commutation angle;
and

means for adjusting the commutation angle of seid motor until an optimum

commutation angle is determined that yields a point of minirnum power consumption.
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-9- reached. That point will be followed by another cy - rrgfe”“‘:
adj-ustment and a determ nation that spindle power consunp PGk ASEVENRC PE&E Bd
fromthe previous value. To return to the point of m ni mgn spi-ndte " power’?

the ¢comutation angle nust be reset to its previous val ue} Thusa, tve ¢ ﬁgﬁhod
I ncludes Step 46, which is invoked after
i.
L
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38, The method of cla‘m 26 wherein the at least one operating characteristic is
power and acoustic noise. -

29, The disk drive of claim 35, whersin the at least one operating characteristic
is power and acoustic noise.

40. A method of minimizine torque ripple in a disk drive having a rotatable
storage disk and a motor including magnetic stator coils, said motor having a torque
output that varies according ¢ a predetermined torque profile when said motor is
powered by-a constant drive current. cornprising the steps of:

energizing and de-ezergizing the magnetic stator coils so as to commutate said
motor; and

varying the real time drive current applied to said motor during and between
commutations thereof inversely to said torque profile so as to minimize torque ripple.

41. The method of minimizing torque ripple of claim 40 wherein said disk drive
further includqs a memory, further comprising the step of:

storing said torque profile in said memory as a table of torque constant values

indexed to the rotational pesition of e disk.

HII!II\ 40 R
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varying the commutation angle until the spindle power consuaphm-n&~+»on;ge*r“
decieases (i.e., it is greater), to reset the comutation; SR
val ue. before the | ast change in conmutation angl e. ™
comut ation angl e required for mni num spindl e power cons tlpn has:« begn;
determi ned foll owi ng power up, the same procedure can be | odl carfy i

ion

power consunptl on. As an alternative,to the foregoi
of the first aspect of the invention, an OS’IPI mum conmut at i

programmed I nto thﬁ?ﬂﬁ‘&TWSIXQDZNMH@g Fd %ﬁlﬂ@wwﬁ%Pé\)@%e ‘opti mum

obt ai ned for that i'V.e 0K “based on "a sanp rives

commut ation angle is determ nege, RS I@J Q@gpfp{gqﬂl R%ﬂi@ﬁ;usm on of Fig. 3,

as a function of the mninmum achl evable s e ‘power  consunpti on.
Al ternatively, i mum conmut ati on angl e is determned by directly
nmeasuri ng acoustic formance in manufacturing each drive, or by sanpling

Stored on the di ok Aapay e KieuRif fBu TR BB it
accor dance Wt bR 1aARAEBlc, orbl for AW BT e o s P! | ¢

rotatable stator having a position expressed in terms of a commutation angle having a

magnitude and direction. The method (38-48) senses the spindle power consumption of
the motor as a function of the commutation angle of the motor, and changes said
commutation angle until an optimum commutation angle is determined that yields
minimum power consumption.

Fig. 3
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to the motor 5 is adjusted U‘be‘rfriéﬁ?afe for torqueﬂ:, pme f?‘,ﬂd#efmac'o-uspf@w,"f

e

anount of drive current ' ly is determﬂed by ﬁ‘*ﬁ'k‘l’ﬁg}
measurenents of many file l ' exijgting drlvesfaqr HES pﬁrt! OF t he
manyf act uring process by orque pr of i ( e for each ] ndniw dual
drive. In ei tﬁg F\g a series of torque constant: val-ues-i-s-determ ned
relative tot ati onal position of the rotor. jl'he nunber of torque

const ant val ues preferably corresponds to the nunber—of-tt g arks, 24 on
: P 1. A myethod for corr)nmutatmg a brushless g‘o motor for ancﬁsr}c drive having a

# totatable storage disk, wherein the motor includes a rotatable slot having a position
expressed in terms of a commutation angle having a magnitude and direction, compnsing
the steps of:

(a)  sensing spindle power consumption of the motor ; and

(b)  changing the commutation angle of said motor in a direction while
monitoring motor power consumption until an optimum commutation angle is determined.
said optimum commutation angle being the commutation angle that yields minimum real
time power consumption.

2. The method of Claim ! wherein said optimum commutation angle is
determined in accordance with said method during manufacture of said disk dnve and
programmed into said drive.

3. The method of Claim 1 further including the step of periodically adjusting
said commutation angle following step (b) to maintain a point of minimuwm power
consumption during drive operaton.

4. The method of Claim 3 further comprising the step of periodically adjusting
said commutation angle 1o a point of minimum power consumption during drive operation
by repeating steps (), and (b).

3. | The method of Claim | further comprising the step of determining a

direction in which to change saild commutation angle such that the motor power

consumption is decreased.
6. The method of Claim § wherein the direction determining step further
comprises the steps of:

(1) varying the commutation angle of said motor in a first dirzction;

AR R O




-10- the-di-sk{s)of the disk assenbly 4 (e g., 90) Eaéh’ f orqig :
nmensi onl ess s val ue representing a nultiple by whi-eh-the——

mﬂﬁ Huﬂum‘" ers froma nonm nal constant tor¢1ue val, g 745@,

determ ned fromthe torque constaﬁt i nf or et "on
is utilized both duf'i nYy and in between suygcessive conmmut atliOI‘lS'“Of""t‘i"ie”dHV

const ant |
actual nea
variation |

mot of s. Fig.
conmmut at i on

. { amgem—
12 of on't he di sk(‘%ssgﬁb{"% % € hgpé}ﬁ,&&? &’Shﬂwclg@eshﬂqwt& ig‘{?gﬁe'const ant

I s accessed by the disk co tro(lél er 10 directly fromthe PROM
WY ARC®Modi nent, as shown in step

i nformati on

12. The |at t@frvaaagaathﬁémwg aw@uﬁa

2 illustrates how the drive current mght vary relative to

48 of Fig. 3. The torque constant information is read fromthe disk
assenbly 4 and pl@cecpeating hepRAN 46l 68 1ﬁapm1dl@f‘aowte consNeIption lpldet%sl@ed av

ther_eafter
form as

The torque. constant information is preferably stored in table
decrease in step (i) until a point of minimum power consumption is determined; or

if spindle power is determined not to decrease in step (ii):

(iv) varying thc commutation angle in a second direction,

(v) determining whether power consumption of said motor has decreased as a resuft
of varying the commutation angle in said second direction; and

(vi) repeating steps (iv) and (v) if power consumption is dcternmuned to deerease in
step (v) until a point of minimum spindle power consumption is determined.

7. The method of Claim 6 wherein steps (ili) and (vi) include the steps of
varying said commutation angle until said spindle power consumption no longer decreases,
then resetting said commutation angle to the valuc before the last change in commutation
angle effected by steps (1) and (iv).

8. The method of Claim 1 wherein said motor has a torque output that varies
according to a predetermined torque profile when said motor is powered by a constant
drive current, and wherein said method further includes the step of:

varying the real time drive current applied to said motor during and between
commutations thereof inversely to said torque profile.

9. The method of Claim & wherein said real time drive current is varied
inversely proportional Lo said torque profile.

10.  The method of Claim 9 wherein a value is applied to said real time drive

current that is proportional vo a difference between said torque profile and an average

torque. This Sheet Has Been Replaced
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a torque constant table that is indexed by successive addresses.in_ the RAM "

16, -each of which holds a single torque constant val ue corre$p@h@i ngti}@sgM !

rotational position increnment of the disk assenbly. Qther foimatg, i stuch “as
a polynonial fit, may alternatively be used. According to this . ..o
al ternative, the disk controller 10 is priggramed to solve ajpol ynom al

equation to determ ne a torque constant val ue based on an input-value. .. ]

representing the rotational si.tian of the di.sk assembly. 4. . . __Turning
back to Fig. 3, tHe dﬂé&% ‘BB‘H&? of @?mlg W ER S?la WVE FUBGNY ’drvaéleﬁa?ge‘ieﬁigg

i ndex pul se to be sensed by the head assenbly 8 reading the baseline index
mar ker 22 ontorqve cansiant yalyes iips agoraup epnstankiablg dasedpa thepeatiopa nesitips of said
received, the disk controller 10 initializes the address pointer for the
RAM 16 to t hiaformanoy storapatdisio and appigingi thede vaduegue sawhsdzhmimev difivee current at
corresponding to an angle of zero degrees. In Step 54. the disk controller

10 ,reads t hegdiQkdUY6taf Sitionédk u8d fifsem the current location in the torque
const ant tab? e. The g%ﬁzbcontror er 10 then cal cul ates a new drive current

in Step 56 by nodjjfyi the actual .real, time.current th ei ng reported by
the notor drive c*icu?ﬁleénép%&:?#ﬁﬂ@“%g vﬁ?f%sﬁuﬁg’“ﬁ%ﬁ(&@@ﬁ%ﬁ? ﬁesg(}rﬁfg? Eﬁ}gd
torque constant. The corrected drive current value is returned to the notor
drive circuiirfegmapign storagc fiskand read mto a random access memory when said disk drive is

¢

powered up.

13, The method of Claim 9 wherein the rotational position of said information
storage disk is determined by reading index and timing marks on said disk.

14,  In a disk drive, and apparatus for reducing motor power and/or acoustic
noise in a self-commutating brushless d.c. mowor for said disk drive wherein the motor
includes a rotatable rotor having a position expressed in terms of 2 commutation angle
having a magnitude and direction, said apparatus comprising:

sensing means for sensing motor power consumphon; and

commutation angle adjustment means for varying the commutation angle in 2
desired direction unti] a point of minimum real time power consumption is scnsed.

1S. The apparatus of Claim 14 further including power maintenance means for
periodically adjusting said commutation angle to a point of minimum power consumption
during drive operation.

16.  The apparatus of Claim 15 wherein said powcr maintenance means employs
said sensing means and said angle adjustment means to periodically adjust said
commutation angle to maintain said point of minimum power consumption during drive

opcration.

This Sheet Has Been Replaced
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16 is then increnented to the next position in the torque,o Stants
and the disk controller 10 waits for a timng mark 24 to be"se“‘r‘ised T StE
60. When a tining nmark is 16 fe s i e

' . .4_ P Sk 31 ptad

. 17.  The apparatus of Claim 14 further comprising means foi' deermining g
- direction in which to change said commutation angle such that ‘the” motor power

consumption is decreased.

"
L1

18.  The apparatus of Claim 17 wherein said direction determining means
includes:

test means for varying the commutation angle of said disk drive motor 1n a sclected
direction;

power consumption determining means for determining whether power
consumption of said disk drive has decreased as a resuit of varying the commutation angle
in said selected direction: and

jteration means for repeatedly invoking said test means to adjust said commutation
angle in a first direction for so long as said power consumption determining means
determines that power consumption is decreasing as a result of adjusting said corhmutation
angle in said first direction and for repeatedly invoking said commutation angle adjustment
test means to adjust said commutation angle in a second direction for so long as said power
consumption determining means determines that power consumption is decreasing as a
result of adjusting said commutation angle in said second direction.

19.  The apparatus of Claim 18 wherein said iteration means includes means for
invoking said test means to vary said commutation angle unti! said power consumption no
longer decreases, then to reset said commutation angle to the value before the last change
in commutation angle effected by said commutation angle adjustment test means.

20.  The apparatus of Claim 14 wherein said motor has a torque output that
varies according to a torque profile when said motor is powered by a constant drive

current, and wherein said apparatus further includes:

g iy mw i s

i

e et

--—;.\__.._..,.

applied to the drive motor 5. In step 58, the address poimter for tgre—j%ﬂcrv‘i-—
Tabbeki
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sensed, the disk controller determnes in Step 62 whet her a pew baseHﬂe—-
i ndex pul seThisshechEaBecdagaed | f not, the disk controller 10 re‘-tu,lm%nt*@ai Bt@'ﬁ‘z

54 to read oUHNNHH rque constant value. Wien the next! baset-tre-i-Adex-;
pul se is sensg@ %mgmﬁ the disk controller 10 ‘returns tp St ep, 52:% & 250
reinitialize ointer to begin’a new rotation. .+ '"The .
corrected drive current determi ned according to the above rret hod- ottt
typically be i nvemaehtyvmnmgm:reansdnatarymgtltaeemanwm\prmfrezhteappﬁed tossaidi rabtorr i ve

2. However, in sonme cases it nmay be desirable to produce a corrected-drive -
current thatd&ﬁ%'aﬁ&bét%@d@&ﬁrﬁuﬁéh&ﬂtﬁé?é‘of%xﬂfe%l%t@%é}&tdr@z»%&ﬁlem necessarily

proportionally thereto. For exanple, If di sk drive generates acoustic

Character sti o, (e | MSAPPRRLE 1 F OB OahiRr Bau A btk s e 9 v

current that does not result in _a uniformtorque out pﬁjt but instead

profluces a tTG?cfH’ée H{WC’E‘H&YCT%‘?W@E“P?P%W%W PHAE PTG cancel the noise
generating vibrations. In that case, additional current nodifying val ues
may be conbi ned 2 h tThe 4ppamgtus afoBltraril whérciassaide ctrent viarying areens further or
using real time calculations, to produce an output torque of any desired

wavef orm | tvamy salieal insIaE¢ Bka b a‘b?m-’ﬂgnﬁ vile thepdtsl Wgat GO BRIpBATonYIRoUES
determ ned fromthe nmeasured torque profile with a constant
difference between said torque profile and an average torque.

23, The apparatus of Claim 20 wherein said means for varying said drive
current includes means for reading torque constant values from a torque constant table
based on the rotational position of said information storage disk and applying those values
to said real time drive current at selected rotational positions of said disk.

24,  The apparatus of Claim 23 wherein said torque constant table is stored on
said storage disk and read into a random access memory when said disk drive is powered
up. |

25.  The apparatus of Claim 23 wherein the rotational position of said storage
disk is determined by reading index and timing marks contained on said disk.

26. A method for operating a self-commutating brushless d.c. motor for a disk
drive, comprising the steps of:

sensing at least one operating characteristic of said motor; and

adjusting the commutation angle of said motor in a direction until an optimum
commutation angle is determined that minimizes the magnitude of the real time operating
characteristic,

27.  The method of Claim 26 wherein said method is performed on said disk

drive during drive manufacture and said optimum commutation angle is programmed into

———

T ———
—
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sad disk drive,
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of fset value that is proportional to the difference between-the- ~+orgie-
profile and the average torque (i.e., the rnms of the torqu@"m:’ﬁﬁhsﬁ‘ Shre.
wavef orm. Accordingly, an apparatus and net hod for wk-@ e i-fg- eprndl e
power and accoustic noise in a disk drive has been descri b{ed,, Mhitie sacar itous
enbodi nents have been disclosed, it should be apparent that rnany vart atnons
and alternative enmbodi ments vvoul d be apparent to those s i b-ed—i-n—the—art |
in-view of the teachings herein. It i $8under st ood, therefore, that the '
invention is not to be in a limted except in accordaneew-ththe
spirit of the appendedmethed n%cmze wherein ggjdimetiiod ig performed on a plurality of

disk drives and an average optimum commutation angle is determined therefrom and
programmed into said drives.

29. A method for reducing acoustic noise in a self-commutating brushless d.c.
motor for a disk drive, comprising the steps of:

sensing the acoustic noise generated by said drive; and

adjusting the commutation angle of said motor in a direction until an optimum
commutation angle is determined that yields a poiut of minimum acoustic noise.

30.  The method of Claim 29 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed into
said disk drive.

31, The method of Claim 29 wherein said method 1s performed on a plurality of
disk drnives and an average optimum commutation angle is determined therefrom and
programmed into said drives.

32. A method for reducing spindle power in a self-commutating brushiess d.c.

motor for a disk drive, comprising the step of:

sensing the power consumed by sajd motor; I l"l"l l"l" I"" ”I’I " !"l
* [ L M S *

adjusting the commutation angle of said motor in a direction until an optimum
commutation angle is determined that yields a point of minimum real time power
consumption.

33, The method of Claim 32 wherein said method is performed on said disk

drive during drive manufacture and said optimum commutation angle is programmed into

said disk drive.
This Sheet Has Been Replaced
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34, The method of Claim 32 wherein said method is performeid-on.,a\-plwa}i%yﬂfw-ﬂﬁ-—“"'"’
disk drives and an average optimum commutation angle is determined therefrom and
programmed into said drives.

3S. A disk drive powered by a motor having a rotor whose position is
determined by a commutation angle, said disk drive comprising:

means for sensing at least one operating characteristic of said motor; and

means for adjusting the commutation angle of said motor in a direction until an
optimum commutation angle is determined that minimizes the magnitude of the real time
operating characteristics.

36. A disk drive powered by a motor having a rotor whose position is
determined by a commutation angle, said disk driving comprising:

means for sensing the acoustic noise of said motor; and

means for adjusting the commutation angle of said motor in a direction until an
optimum commutation angle 1s determined that yields a point of minimum acoustic noise.

37. A disk drive powered by a motor having a rotor wihose position is
determined by a commutation angle, said disk drive comprising:

means for scnsing the power of said motor; and

means for adjusting the commutation angle of said motor in a direction until an
optimum commutation angle is determined that yields a point of minimum rea! time power
consumption.

38.  The method of claim 26 wherein the at least one operating characteristic is
power and acoustic noise.

39.  The disk drive of claim 35, whercin the at least one operating characteristic
s power and acoustic noise,

_...-_,’
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1. A method for comutating a brushless d.c. notor fof & disk.dr}ve
having an information rotatable storage di sk, wherein thefnbterr 5

Y
¢ ot g e e

| net udes
rotatable stator having a rotational position characterijed by a. ... |
comut ation angle and wherein said not OPO has a torque ouiput Ftha Ené/éﬁiesa
according to a predeterm ned torque profTle when said no{oi_is powered by
a constant drive current ai d nethod conprijsjng the st.eps af: : (a)
sensi ng spi ndl e 4oveP E’t?ﬂ‘é’arf’pftrpW’&ngttﬁguﬁﬁ’thF ‘gsa dask 3%?&’%6&%_13 fpLable
commut ati on angl e; (b) changi ng the comutati on angle while
noHi t or i ng stegsrdigoansra motor including magnetic stator coils. said motor having a torque output

{
i d

SRR

that varies according to a predetermined torque profile when said motor is powered by a
constant drive current, comprising the steps of:
energizing and deenergizing the magnetic stator coils so as to commutate
said motor; and
varying the rea! time drive current applied to said motor during and between
commutations thereof inversely to said torque profile so as to minimize torque ripple.
41.  The method of minimizing torque ripple of claim 40 whereir said disk drive
further includes a memory, further comprising the step of:
storing said torque profile in said memory as a table of torque constant

values indexcd to the rotational) position of the disk.

42, A method for commutating a brushless d.c. motor for a disk drive having a
rotatable storage disk, wherein the motor includes & rotatable rotor having a position
expressed in terms of a2 commutation angle having a magnitude and direction, comprising
the steps of:

(8)  sensing spindle power consumptior: of the motor ; and

(b)  changing the commutation angle of said motor in a direction while
monitoring motor power consumption until an optimum commutation angie is determined,
said optimum commutation angle being the commutation angle that yields real time
minimwmn power consumption, thereby yielding a reduction in acoustic noise.

43.  The method of Claim 42 wherein said optimum comimutation angle is

determined in accordance with said method during manufacture of said disk drive and

programmed into said drive.
S
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consunption until an optinum comutation angle is determ ned Flak gsli«,ga@ptrl A8

comiut ati on angl e being the comutation angle that yields nl_n;um power” ™ =

consunption and acoustic noise, and varying the dtive Lcurrent ’g

applied to said notor during and bet wee?]O commut at'i ons ther‘eq;f A nvef*sebgz‘ tlo
r

said torque profile, to thereby reduce que ripple i n sal d.tarque . |
out put .

2. The thod of claim1 wherein
comut ati on angf® | sTh@@s%wﬁf’"ﬁG&lmﬁ 2 St ahvdigvihe I%"CB& I@%@HW%
manufacture of said disk drive and programed into said drive.
said commutation angle foilowing step (b) to maintain 2 point of minimum power
consumption duriﬁg drive operation.

45.  The mecthod of Claim 44 further comprising the step of periodically
adjusting said commutation angle to a point of minimum powcr consumption during drive
operation by repeating steps (a), and (b).

46.  The method of Claim 42 further comprising the step of determining a
direction in which to change said commutation angle such that the motor power
consumption is decreascd.

47.  The method of Claim 46 wherein the direction determining step further
comprises the steps of:

(i) varying the commutation angle of said motor in a first direction;

(if) determining whether power consumption of said motor has decreased as a result
of varying the commutation angle ir said first direction;

(1i1) repeating steps (i) and (ii) if spindle power consumption is determined to
decrease in step (ii) until a point of minimum power consumption is determined; or

if spindle power is determined rot o decrease in step (ii):

(iv) varying the commutation angle in a second direction:

(v) determining whether power consumption of said motor has decreased as a result
of varying the commutation angle in said second direction; and

(vi) repeating steps (iv) and (v) if power consumption is determined (o decrease in
step (v) until a point of minimurn spindle pawer consumption is determined.

48.  Thc method of Claim 47 wherein steps (:it) and (vi) include the steps of

varying said commutation angle unti] said spindle power consumption no longer decrcases,

——
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3. " The nmethod of claim 1 further incl ud‘n‘g“rhe~ﬁ{—ep—ef—pél“_
adj usting said comutation angle fol |l ow ng Stfﬂ?s t.0 mai ntai n“a 125

rethod o "crs (NUAREHREIRAN 2 ' s MR o

Hmft y édmsu‘ﬁ%
said commut ati o ahgl'e t'o & pbint of m nhsrum poRk on during dri

operation by repeating steps (a), and (b). e

then resetting said commutation angle to the value before the last change imcommutation
. angle elfacted by steps (i) and (iv).

49,  The method of Claim 42 wherein said motor has a torque output that varies
according 0 a predetermined torque profile when said motor is powered by a constant
drive current, and wherein said method further includes the step of:

varying the real time drive current applied to said motor during and between
commurtations thereof inversely to said torque profile,

50.  The method of Claim 49 wherein said real time drive current is varied
inversely proportional to said torque profile.

51.  The method of Claim 50 wherein a value is applied to said real time drive
current that is proportiopal to a difference between said lorque profile and an average
torque.

52.  The method of Claim 49 wherein said drive cwrent 1s varicd by reading
torque constant values from a torque constant table based on the rotational position of said
information storage disk and applying those values to said real time drive current at
selected rotational positions of said disk.

53, The method of Claim 50 wherein said torque constant table is stored on said
information storage disk and read into a random access memory when said disk drive is
powered up.

S4.  The mcthod of Claim 50 wherein the rotational position of said information
storage disk is determined by reading index and timing marks on said disk.

55.  Ip a disk drive, and apparatus for reducing motor power and acoustic noise
in a self-commutating brushless d.c. motor for said disk drive wherein the motor includes a
rotatable rotor having a position expressed in terms of a2 commutation angle having a

magnitude and direction. said apparatus comprising
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5. The @faceél aim1 further con"pf-r?rng
determining a direct® m change said commt atireAas ‘ng"}

ermning step furt her aCONHEH 58

decr eased. P "*‘Tfre*ﬂ
Dt

varyi ng t heZ3commut ati on angt e{of said nmot or
fiyst direction; (i) det er ni ni ng whet her | pbwet-"consurprT”
said notor hasscéfg eRs8dofsensing motor power consurnption; and

Et
he)
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commutation angle adjustment means for varying the commutation angle in a
desired direction unti] a point of minimum real time power consumption is sensed, thereby
yielding a rcduction in acoustic noise.

56.  The apparatus of Claim 55 further including power maintenance means for
periodically adjusting said commutation angle fo a point of minimum power consumption
during drive operation.

57.  The apparatus of Claim 56 wherein said power mainlenance means employs
said sensing means and said angle adjustment means to periodically adjust sad
commutation angle to maintain said point of minimwn power consumption during drive
operation.

58.  The apparatus of Claim 55 further comprising means for determining a
dircction in which to change said commutation angle such that the motor power
consumption is decreased.

59.  The apparatus of Claim 58wherein said directicn determining means
includes:

test means for varying the commutation angle of said disk drive motor in a selected
direction:

power consumption determining meaus for defermining whether power
consumption of said disk drive has decreased as a result of varymng the commutation angle
in said selected dircction; and

iteration means for repcatedly invoking said test means o adjust said commutation
angle in a first direction for so long as said power consumption determining means

determines that power consumption is decreasing as a rcsult of adjusting said commutation

angle in said first direction and for repeatedly invoking said commuta?tiéi_'i.ahglggadgiisgr&équé;ﬁ
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a result of var ing the coomutation angle in said flrst dlrectlon
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det ot ngzpeflmtlmunlm HIEs 1) e sP B et o mensee S

consunption is détefni hed: or oif sgﬁndl e power is:determ- nadmo -
to decrease in step (ii); (1v) rying the con‘rrutat.lon :ahgl e |[n
a second direction; (v) det er m ni ng whet her powef tonsd’r’m 30N |
of said notor hes nﬁemsneaé)ast sais comnmesiohtanglk lN&SGpDE@LtdWOEMWi%}&QW
in said second direction; and (vi) repeating steps (iv) and (v)
i f power consunBhdaiptioh dé@hﬁfniﬁg”ﬁ@arﬁsodetermines that power consumption {5 decreasing-as—e—-

result of adjusting said commutation angle in said second direction.

- 60.  The apparatus of Claim 59 wherein said iteration means includes means for
invoking said test means to vary said commutation angle until said power consumption no
Jonger decreases, then to reset said commutation angle to the value before the last change
in commutation angle effected by said commutation angle adjustment test means.

61.  The apparatus of Claim 55 wherein said motor has a torgue outpur that
varies according to a torque profile when said motor is powered by a constant drive
current, and wherzin said apparatus further includes:

current varying means for varying the real time drive current applied to said moter
during and between cormmutations thereof inversely to said torque profile.

62.  The apparatus of Claim 61 wherein said current varying means varies said
real time drive current inversely proportional to said torque profile.

63.  The apparatus of Claim 62 wherein said current varying means further
varies said real time drive curent by applying a value thereto that is proportional to 2
difference between said torque profile and an average torque.

64.  The apparatus of Claim 61 wherein said means for varying said drive
current includes means for reading torque constant values from a torque constant table
based on the rotational position of said information storage disk and applying those values
to said real time drive current at selected rotational positions of said disk.

65.  The apparatus of Claim 64 wherein said torque constant table is stored on
said storage disk and read into a random access memory when said disk drive is powered
p. —
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decrease in step—(\v) until a point of mninum spi ndI e power cfﬁﬁgurrbf'%ﬁﬁ--4'-'s::;'
BdSHEET

——Fhe nethod of claim6 wherein ste’ps
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spi ndl e power | onger decreases, then resetti ng sa;d Ji sonn
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commut ation angle to tHe val ue before the8JL5ast change in cormut ati on anglé
effected by steps (i) and (iv). The method of CT&FATL™ = wamvi
wherein.said drive current is varied inversely _proportjonal to sald t or que
prof il e. 6.  TheigppasgivneliClamm 64 arherei thselahonahpesifionedt Sidsipmsted—
to said drive current that is proportional to.a difference between said
torque profil ediskid datermived Boreading mdex and timing marks contained on said disk.

67. A method for operating a self-commutating brushless d.c. motor for a disk
drive, comprising the steps of:

sensing at least one operating characteristic of said motor; and

adjusting the commutation angle of said motor in a direction until an optimum
cormumutation angle is determined that minimizes the magnitude of the real time operating
characteristic, thereby yielding a reduction in acoustic noise.

68.  The method of Claim 67 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed into
said disk drive.

69.  The method of Claim 67 wherein said method is performed on a plurality of
disk drives and an average optimum commutation angle is determined therefrom and
programmed into saic drves.

70. A method for reducing spindle power 1n a self-commutating brushless d.c.
motor for a disk drive, comprising the step of

sensing the power consumned by said motor;
and

adjusting the commutation angle of said motor in a direction until an optimum
commutation angle is determined that yields 2 point of minimum real time power
consumption, thereby yielding a reduction in acoustic noise.

71.  The method of Claim 70 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed into

said disk drive, ———
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varied by reading torque constant values froma torque const&RE; Aek
based on the rotational position of said informtion storage di-sk.and’ _
appl ying those values to said drive currenséat sel ected rofatfl Qnal
posi tions of said disk. /

10. The nethod of claim1l wherein said drlve~c1,w.t.e.ut is
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72 The method of Claim 70 wherein said method is performed ona plurality oF
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disk drives and an average optimum commutation angle is determmed therefrom and
programmed into said drives.

73. A disk drive powercd by a motor having a rotor whosc pasition is
determined by a commutation angle, said disk drive compnising:

means for sensing at least one operating characteristic of said motor; and

means for adjusting the commutation angle of said motor in a direcuon until an
optimwn commutation angle is determined that minimizes the magnitude of the reaf time
operating characteristics, thereby yielding 2 reduction in acoustic noise.

74. A disk drive powered by a motor having a rotor whose position is
determined by a comumutation angle, said disk driving comprising:

means for sensing the acoustic noise of said motor; and

eans for adjusting the commutation engle of said motor in a direction until an

optimum commutation angle is determined that yields a point of minimum acoustic noise.

75. A disk drive powered by a motor having a rotor whosc position is
determined by a commuration angle, said disk drive comprising:

means for sensing the power of said molor: and

means for adjusting the commutation angle of said motor in 2 direction until an
optimum commutation angle is determined that yields 2 pownt of minimum real time power
consumption, thereby yielding a reduction in acoustic noise.

76.  The method of claim 67 wherein the at least one operating characteristic is
power and acoustic noisg,

77.  The disk drive of claim 73. Where.in the at least one operating characteristic

1s power and acoustic noisc.
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11. . The rre 10 of claim8 wherein said t orque constant tabl eis stored”
on said |nfor Ha@ce}ng,gﬁc isk and read into a random Ec”c;é§§ ENTOry. YM!ET
said disk driv 12. The met hod 8F -ELaiT é‘-’nl
wherein the ro |on of said information storagé ISk
det er,m ned by read| ng and timng marl§s on said di skl IR W 4’3;‘

In a disk drive, an apparatus for reduci ng notor power and acoustic noi sie
in a self-conmutating brushless d.c. nmotor for said disk drlve “WHeTr e~ the

not ok

includes a rotatable rotor having a rotational pgsit

characterised by a’&onmeatiasifor eamemtatingribriupesse £ Bakoy Wtqﬁkqfé? hgvingegue

out put that varies according to a torque profile

rotatable storage disk, wherein the motor includes a rotatable slot having a position
expressed in terms of a commutation angle having a magnitude and direction, comprising
the steps of:

(a)  sensing spindle power consumption of the motor ; and

(b)  changing the commutation angle of said motor in a direction while
moniloring motor power consumption until an optimum commutation angle is determined,
said optimuin commutation angle being the commutation angle that yiclds minimum power
consumption.

79.  The method of Claim 78 wherein said optimum commutation angle is
dctermined in accordance with said method during manufacture of said disk drive and
programmed into said drive,

80.  The method of Claim 78 further including the step of periodicaily adjusting
said commutation angle following step (b) to maintain a point of minimum powér
consumption during drive operation.

8.  The mcthod of Claim 80 further comprising the step of periodically
adjusting said commutation angle to z point of minimurn power cousumption during drive
operation by repeating steps (a), and (b).

82.  The method of Claim-78 further comprising the step of deternining a
direction in which to change said commutanon angle such that the motor power
consumption is decreased.

83.  The method of Claim 82 wherein the direction determining step further
comprises the steps of:

(1) varying the commutation angle of said motor in a first direction;

AN R




when said notor is powered by-eonstant drive current, said @apparatus
conpri sing: ———"8ensing neans for sensing notor power ’cbnsgmmﬂ

function of

th
means for va\rl\i\i

noi se and po
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bet ween comrut ati ons thereof inversely to said torque profile to thereby

reduce torque ri ) determisiag evirtherpoaveouegsuinption of said motor has'decreased-asaresult

-of varying the commutation angle in said first direction;

(iii) repeating steps (i) and (ii) if spindle power consumption is determined to
decrease in step (ii) unti! 2 point of minirnum power consumption is determined; or

if spindle power is determined not to decrease in step (ii):

(iv) varying the commutation angle in a second direction;

(v) determining whether power consumption of said motor has decreased as a result
of varying the commutation angle in said second direction; and

(vi) repeating steps (iv) and (v) if power consumption is determined to decrease in
step (v) wntil a point of minimum spindle power consumption is determined.

84.  The method of Claim 83 wherein steps (iii) and (vi) include the steps of
varying said commutation angle until said spindle power consumption no longer decreases,
then resetting said commutation angle to the value before the last change in commutation
angle effected by steps (i) and (iv).

85.  The method of Claim 78 wherein said motor has a torque output that varies
according (o a predetermined torque profile when said motor is powered by a constant
drive current, and wherein said method further includes the step of.

varying the real time drive current applied to said motor during and between
commutations thereof inversely 1o said torque profile.

86.  The method of Claim 85 wherein said rcal time drive current is varied
inversely proportional to said torque profile.

87.  The method of Claim 86 wherein a value is applied to said real time drive
current that is proportional to a difference between said torque profile and an average

e ——
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14. - The apparatus of claim 13 further including power nalntenance means
for periodically adjusting said commutation angle to a ponn :

power consunption during drive operation. ;
-16-° 15. The apparatus of claim 14 wherein said! pomer, f
mai nt enance neans enploys said sensing meagns and said angle adju&mhﬁﬁf !
nmeans to periodically adjust said i

88.  The method of Claim 85 wherein said drive currén" is vaned by reading

torque constant values from a torque constant table based on the rotational position of said
information storage disk and applying those values to said real time dnve current at
selected rotational positions of said disk.

89.  The method of Claim 36 wherein said torque constant table is stored on said
information storage disk and read into a random access memory when said disk drive is
powered up.

90.  The method of Claim 86 wherein the rotational position of said information
storage disk is determined by reading index and timing marks on said disk.

91.  In a disk drive, and apparatus for reducing motor power and acoustic noise
in a self-commutating brushless d.c. motor for said disk drive wherein the motor includes a
rotatable stator having a position expressed in terms of a2 commutation angle having a
magnitude and direction, said apparatus comprising:

sensing means for sensing motor power consumption; and

commutation angle adjustment means for varying the commutation angle in a
desired direction until 2 point of minimum power consumption is sensed.

92.  The apparatus of Claim 91 further including power maintenance means for
periodically adjusting said commutation angle to a point of minimum power consumption
during drive operation.

93, The apparatus of Claim 92 wherein said power maintenance means employs
said sensing means and said angle adjustment means to periodically adjust said
commutation angle to maintain said point of minimum power consumption during drive

operation. e —
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commutation angle to maintain said point of mninmm power Tt
duging dri ve—'—eﬁaﬁa‘f‘r‘on 16. The appar at us df Rer
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16 wherein said direction ldeterm ni ng_neans ;
for varyi ngS(B he conmut atiop angl e of said ‘
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" 94.  The apparatus of Claim 91 further comprising means for determining a

dircction in which to change said commutation angle such that the motor power
consumption is decreased.

95.  The apparatus of Claim 94 whercin said direction determining means
includes:

test means for varying the commutation angle of said disk drive motor in a selected
direction;

power consumption determining means for determining whether power
consumption of said disk drive has decreased as a result of varying the commutation angle
in said selected direction; and

iteration means for repeatedly invoking said test means to adjust said commutation
angle in a first direction for so long as said power consumption determining means
determines that power consumption is decreasing as a result of adjusting said commutatien
angle in said first direction and for repeatedly invoking said commutation angle adjustment
test means to adjust said commutation angle in a second direction for so long as said power
conswmption determining means determines that power consumplion is decreasing as a
result of adjusting said commutation angle in said second dircction.

96.  The apparatus of Claim 95 wherein said iteraticn means includes means (or
invoking said test means to vary said commutation angle until said power consumption no
longer decreascs, then to reset said commutation angle to the value before the last change
in commutation. angle effected by said commutation angle adjustment test means.

97.  The apparatus of Claim 91 wherein said motor has a lorque output that
varies according to & torque profile when said motor is powered by a constant drive

current, and wherein said apparatus further includes:
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sel ected direction; power consunption determ ning ans—-f- R
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98.  The apparatus of Claim 97 wherein said current varying means varies said
. real time drive current inversely proportional to said torque profile.

99.  The apparatus of Claim 98 wherein said current varying means further
varies said real time drive current by applying a value thereto that is proportional to a
difterence between said torque profile and an average torque.

100. The apparatus of Claim 97 wherein said means for varying said drive
current includes means for reading torque constant values from a torque constant table
bascd on the rotational position of said information storage disk and applying those values
to said real time drive current at selected rotational positions of said disk.

101. The apparatus of Claim 100 wherein said torque constant table s stored on
said storage disk and read into a random access memory when said disk drive is powered
up.

102.  The apparatus of Claim iOO wherein the rotational position of said storage
disk is determined by reading index and timing marks contained on said disk.

103, A method for operating 2 self-commutating brushless d.c. motor for a disk
drive, comprising the steps of:

sensing at icast one operating characteristic of said motor; and

adjusting the commutation angle of said motor in a direction until an optmum
commutation angle is delermined that minimizes the magnitude of the operating
characteristic.

104.  The method of Claim 103 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed into

said disk drive,
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long as sai d power—cansunption determ ning means determ nes ,_t hat power
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105,  The method of Claim 103 wherein said method is performeL;-oa:.a:pkummy_.-m_._.um.

of disk drives and an average optimum commutation angle is determined therefrom and

programmed into said drives.

106. A method for reducing spindle power in a self;gmxﬂtating brushless d.c.

\

£ isk dri isi step of —
motor for a disk drive, comprising the step of! This She,

sensing the power consumed by said motor; / /II/I// /II // ///I /I7 /il7 A

adjusting the commutation angle of said motor in 2 direction unil an optimum

and

commutation angle is determined that yields a point of minimum power consumption.

107, The methed of Claim 106 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed into
said disk drive.

108. The method of Claim 106 wherein said method is performed on a pluraiity
of disk drives and an average optimum commutation angle is determined therefrom and
programmed into said drives.

109. A disk dnive powered by a motor having a stator whosc position is
determined by a cormmutation angle, said disk drive comprising:

reans for sensing at least one operatmg characteristic of said motor; and

means for adjusting the commutation angle of said motor in a direction until an
optimum commutation angle is determined that minimizes the magnitade of the operating
characteristics.

110. A disk drive powered by a motor having a stator whose position is
determined by a commutation angle, said disk driving comprising:

means for sensino *he acoustic noisc of said moter; and
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before the | ast change in commutation angl e effect ed by sai d

comrut ati on angle adjustnent test neans. The appar at us of
cl ai m-13 wherein said current varying neans varies sal d2]d I E T ent-
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apparatus of claim 19 wherein said current varying nmeans {f Fther —variess
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means for adjusting thc commutation angle of said motor in a direction until an
optimwr commutation angle is determined that yields a point of minimum acoustic noise.

111. A disk drive powered by & motor having a stator whose position s
determined by a commutation angle. said disk drive comprising:

means for sensing the power of said motor; and

means for adjusting the commutation angle of said motor in a direction until an
optimum comimutation angle is determined thal yields a point of minimum power
consumption.

112.  The method of claim 103 wherein the at least one operating characteristic is
power and acoustic noise.

113, The disk drive of claim 109, wherein the at least one operating

characteristic is power and acoustic noise.
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current includes neans for reading torque constant values froma torque
constant table based on the rotational position of said information

storage di sk and applying those values to said real tine u1*‘|«\‘let corrent 4t
sel etted rotational positions of said disk. - - 22, 1 BETh&CHppar atis!
of claim21 wherein said torque constant table is stored !omsaird™ storagg

di sk" and read into a random access nmenory when said disk drlivg* 4 siu.potEr ed

up. 23. The apparatus of claim 21 wherein thejrotational
posi;tion of said storage disk is determ ned by reading i hdexand tT m ng
mar ks cont ai ned on said disk. 34 {
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APPARATUS AND METHOD FOR REDUCING SPINDLE POWER AND
ACOUSTIC NOISE IN A DISK DRIVE

ABSTRACT

An apparatus and method for reducing spindle power and acoustic noise in a self-
commutating brushless d.c. motor for a disk drive (2) wherein the motor includes a
rotatable stator having a pasition expressed in terms of a commutation angle having a
magnitude angd direction. The method (38-48) senses the spindle power consumption of
the motor as a function of the commutation angle of the motor, and changes said
commutation angle until an optimum commutation angle is determined that yields
minimum power consumption.

Fig.3

]; I I ILC} ?"i:’l\h

Lo REPLACED

Vg s 2 o
o M A R T,




I X000 A R A
24. .. A nmethod for operating a self- connutatlng brushl ess d.c. motor & a
di sk drive wherein said notor has a torque output that var g8 2860k
a torque profile when said nmotor is powered by a constang
said nmethod conprising the steps of: 2 sensi ng at R€asEs
operating characteristic of said notor; il adj usting a conmutation
angl e of said notor_until opti mum conmut ati on angle is determ ned that
i ni ni zes the nagni ftusén @baeph p Presentipventian jg maglioraie one g5 gnore disadvantages

of the pﬁor art.
SUMMARY OF THE INVENTION

According to one aspect of the invention, there is provided a method for
commutating a brushless d.c. motor for a disk drive having an information rotatable
storage disk, wherein the motor includes a rotatable stator having a rotational position
characterised by a commutation angle and wherein said motor has a torque output that
varies according to a predetermined torque profile when said motor is powered by a
constant drive current, said method comprising the steps of:

(a) sensing spindle power consumption of the motor as a function of the
commutation angle;

(b) changing the commutation angle while monitoring motor power
consumption until an optimum commutation angle is determined, said optimum
commutation angle being the commutation angle that yields minimum power
consumption and acoustic noise, and

varying the drive current applied to said motor during and between
commutations thereof inversely to said torque profile, to thereby reduce torque ripple in
said torque output.

According to another aspect of the invention, there is provided in a disk drive, an
apparatus for reducing motor power and acoustic noise in a self-commutating brushless
d.c. motor for said disk drive wherein the motor includes a rotatable rotor haviﬂg a
rotational position characterised by a éommutation angle, and wherein said motor has a

torque output that varies according to a torque profile when said motor is powered by

constant drive current, said apparatus comprising;

REPLACEMENT SHEET
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- 18-, varying the drive current applied to said notor during and
between comrutations thereof inversely to said torque profile, to thereby
reduce torque ripple in said torque output. 25. The net hod of
claim 24 wherein said nmethod is perfornedn said disk drive during drive
manuf acture and said optimum conmmut ati on 'gg‘dl e is progranmmed into said

di sk drive.
sensing means for sensing motor power consumption as a function of the

commutation angle;

commutation angle adjustment means for varying the commutation angle until a
point of minimum acoustic noise and power consumption is determined, and

current varying means for varying the drive current applied to said motor during
and between commutations thereof inversely to said torque profile to thereby reduce
torque ripple in said torque output.

According to still another aspect of the invention, there is provided a method for
operating a self-commutating brushless d.c. motor for a disk drive wherein said motor has
a torque output that varies according to a torque profile when said motor is powered by a
constant drive current, said method comprising the steps of:

sensing at least one operating characteristic of said motor;

adjusting a commutation angle of said motor until an optimum commutation
angle is determined that minimizes the magnitude of the operating characteristic; and

varying the drive current applied to said motor during and between
commutations thereof inversely to said torque profile, to thereby reduce torque ripple in
said torque output.

According to still another aspect of the invention, there is provided a method for
reducing acoustic noise in a self-commutating brushless d.c. motor for a disk drive,
wherein said motor has a torque output that varies according to a torque profile when said
motor is powered by a constant drive current, said method comprising the steps of:

sensing the acoustic noise generated by said drive;

adjusting a commutation angle of said motor until an optimum commutation

angle is determined that yields a point of minimum acoustic noise, and varying the i
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26. . The method of claim?24 wherein said nethod is perfornmed on a
plurality of disk drives and an average opti mum commutation angle is
determ ned therefromand progranmed into said drives. 27. A
met hod for reducing acoustic noise in a se E:connutating brushl ess d.c.
notor for a disk drive, wherein said notor “has a torque output that varies
according to a torqu rofi] e when said notor is powered b const ant
drive current SYESRIPAPREEH IS IRIOF durmg,and Rety e romyputations thergofaiggngi)ﬁéo $aid
acoustic noi se generated by said drive; adj usting a conmutation
angl e of sai d towguoprafile, ité thareby peduceiatoarquemippdt insaid torque output.

According to yet another aspect of the invention, there is provided a method for
reducing spindle power in a self-commutating brushless d.c. motor for a disk drive,
wherein said motor has torque output that varies according to a torque profile when said
motor is powered by a constant drive current said method comprising the steps of:

sensing the power consumed by said motor;

adjusting a commutation angle of said motor until an optimum commutation
angle is determined that yields a point of minimum power consumption and |

* varying the drive current applied to said motor during and between
commutations thereof inversely to said torque profile, to thereby reduce a torque ripple in
said torque output.

According to still another aspect of the invention, there is provided a disk drive
powered by a motor having a rotor whose rotational position is determined by a
commutation angle, and wherein said motor has torque output that varies according to 2
torque profile when said motor is powered by a constant drive current said disk drive
comprising:

means for sensing at least one operating characteristic of said motor;

means for adjusting a commufation angle of said motor until an optimum
commutation angle is determined that minimizes the magnitude of the operating
characteristic and

current varying means for varying the drive current applied to said motor during
and between commutations thereof inversely to said torque profile, to thereby reduce

torque ripple in said torque output.
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angle.is determned that yields a point of m ninum acoustic noise, and
varying the drive current applied to said notor during and between
comut ati ons thereof inversely to said torque profile, to thereby reduce a
torque ripple in said torque output. 28. The net hod accordi ng
to claim 27 wherein said nmethod is perform,zﬂ'on said disk drive during
drive manufacture and sai d opti num conmutation angle is programred into
said disk drive. According®. yet andther aspech ofl thefingéndiom thgrevis erevidedsaligk deiveiod
is perforned on a plurality of disk drives and an average optinum
comut ati on an@iwerdds bited afiston@dving a rotor whose rotational position is determined by a
commutation angle, wherein said motor has torque output that varies according to a
torque profile when said motor is powered by a constant drive current said disk driving
comprising:
means for sensing the acoustic noise of said motor;
means for adjusting the commutation angle of said motor until an optimum
commutation angle is determined that yields a point of minimum acoustic noise, and
current varying means for varying the drive current applied to said motor during
and between commutations thereof inversely to said torque profile, to thereby reduce
torque ripple in said torque output.
According to still another aspect of the invention, there is provided a disk drive
powered by a motor having a rotor whose rotational position is determined by a
commutation angle, and wherein said motor has torque output that varies according to a
torque profile when said motor is powered by a constant drive current, said disk drive
comprising;
means for sensing the power of said motor;
means for adjusting a commutation angle of said motor until an optimum
commutation angle is determined that yields a point of minimum power consumption, and
current varying means for varying the drive current applied to said motor during
and between commutations thereof inversely to said torque profile, to thereby reduce
torque ripple in said torque output.

According to yet another aspect of the invention, there is provided a method of

minimizing torque ripple in a disk drive having a rotatable storage disk and a motor

including magnetic stator coils, said motor having a torque output th;t-mmmgﬂﬁg‘f
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-7 19- - 30. A nmet hod for reducing spindle power in a

sel f-commut ating brushless d.c. notor for a disk drive, wherein said notor
has torque output that varies according to a torque profile when said
notor is powered by a constant drive curre_%_sai d nmethod conprising the
steps of: sensing the power consuned by said notor;

a predetermined torque profile when said motor is powered by a constant drive current,

comprising the steps of:

energizing and deenergizing the magnetic stator coils so as to commutate said

motor; and

varying the drive current applied to said motor during and between

commutations thereof inversely to said torque profile so as to minimize torque ripple.
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adj usting a conmutation angle of said notor until an optimum comrutati on
angle is determned that yields a point of m ni num power consunption and
varying the drive current applied to said notor during and between
comut ati ons thereof inversely to said torgye profile, to thereby reduce a
torque ripple in said torque output. 31. The net hod of claim

30 wherein said nethod is perforned on said disk_ drive ring drive
manuf acture and sai d opti EW%QWHI%PETEE&% into said

di sk drive.
The objects, advantages and features of the present invention will be more

clearly understood by reference to the following detailed disclosure and the
accompanying drawing in which:

Fig. 1 is a block diagram showing the functional components of an apparatus
constructed in accordance with the invention;

Fig. 2 is a graph showing communication timing in the apparatus of Fig, 1; and

Fig. 3 is a flow diagram showing method steps performed by the apparatus of

Fig. 1.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Referring now to Fig. 1, a disk drive 2 includes a disk assembly 4 containing one

ot more disk platters carried on a spindle that is powered by a drive motor 5. The disk

assembly 4 may be of any conventional type used for direct access data storage and

retrieval, including magnetic, optical, and magneto-optical media. As is known, the

disk(s) of the disk assembly 4 are configured to store data in a plurality of concentric

tracks, each of which are divided into plurality of sectors. The drive motor 5 is a
polyphase, brushless d.c. motor which conventionally includes a stationary circuit

element having a plurality of stator coil structures formed about a central axis thereof, and

a moveable rotor assembly having a plurality of permanent magnets mounted for rotation

about the central axis, above the stator coils, Other
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32. - The nmethod of claim 30 wherein said nethod is perfornmed on a
plurality of disk drives and an average opti mum commutation angle is
determ ned therefromand progranmed into said drives. 33. A
di sk drive powered by a notor having a rotor whose rotational position is
determ ned by a commut ation angle, and whel2in said notor has torque output
that varies according to a torque profile when said notor is powered by a
constant driveLgmMs:ent said di sk drive conpri sing: nmeans for
sensing at |east one operating characteristic of said notor; means
for adjusting a comjutati an,apghernPlondhthtiBt £bridliesd a2 W& BE™ disk drive
having an information rotatable storage disk, wherein the motor includes a rotatable stator
having a rotational position characterised by a commutation angle and wherein said motor
has a torque output that varies according to a predetermined torque profile when said
motor is powered by a constant drive current, said method comprising the steps of:

() sensing spindle power consumption of the motor as a function of the
commutation angle;

(b) changing the commutation angle while monitoring motor power
consumption until an optimum commutation angle is determined, said optimum
commutation angle being the commutation angle that yields minimum power
consumption and acoustic noise, and

varying the drive current applied to said motor during and between
commutations thereof inversely to said torque profile, to thereby reduce torque ripple in
said torque output.

2. The method of claim 1 wherein said optimum commutation angle 1s
determined in accordance with said method during manufacture of said disk drive and
programmed into said drive.

3. The method of claim 1 further including the step of periodically
adjusting said commutation angle following step (b) to maintain a point of minimum
power consumption during drive operation.

4, The method of claim 3 further comprising the step of periodically

adjusting said commutation angle to a point of minimum power consumption during drive

operation by repeating steps (a), and (b). T AEPLAGEMENT SHéET
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commutation angle is determned that m nimzes the magnitude of the
operating characteristic and

- 20- current varying neans for varying the drive current applied
to said notor during and between commutations thereof inversely to said
torque profile, to thereby reduce -14-

5. The method of claim 1 further comprising the step of determining a

direction in which to change said commutation angle such that the motor power
consuraption is decreased.

6. The method of claim 5 wherein the direction determining step further
comprises the steps of:

6] varying the commutation angle of said motor in a first direction;

(ii) determining whether power consumption of said motor has decreased as
a result of varying the commutation angle in said first direction;

(iii) repeating steps (i) and (ii) if spindle power consumption is determined
to decrease in step (ii) until a point of minimum power consumption is determined; or

if spindle power is determined not to decrease in step (ii);

(iv) varying the commutation angle in a second direction;

v) determining whether power consumption of said motor has decreased as
a result of varying the commutation angle in said second direction; and

(vi) repeating steps (iv) and (v) if power consumption is determined to
decrease in step (V) until a point of minimum spindle power consumption is determined.

7. The method of claim 6 wherein steps (iii) and (vi) include the steps of
varying said commutation angle until said spindle power consumption no longer
decreases, then resetting said commutation angle to the value before the last change in
commutation angle effected by steps (i) and (iv).

8. The method of claim 1 wherein said drive current is varied inversely
proportional to said torque profile.

9. The method of claim 8 wherein a value is applied to said drive current

that is proportional to a difference between said torque profile and an average torque.
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torque ripple in said torque output. 34. A di sk drive powered
by a notor having a rotor whose rotational position is determ ned by a
comut ati on angle, wherein said notor has torque output that varies
according to a torque profile when said notor is powered by a constant
drive current said disk driving conprising’- means for sensing the
acousti c noi se of said notor; means for adjusting the commutation
angl e of said notori@nti | Theimethiod wfvlaim dnwhiéreinisaid dmigl @iriest Betagiedibyecadingat
yields a point of m ninum acoustic noise, and _ current varying
means for varyigge EQRtE k¥iBeL BN orgRPEdBENt AbRAHed Bh The FBtAIdHE] position of
said information storage disk and applying those values to said drive current at selected
rotational positions of said disk.

11. The method of claim 8 wherein said torque constant table is stored on
said information storage disk and read into a random access memory when said disk drive
1s powered up.

12. The method of claim 8 wherein the rotational position of said
information storage disk is determined by reading index and timing marks on said disk.

13. In a disk drive, an apparatus for reducing motor power and acoustic
noise in a self-commutating brushless d.c. motor for said disk drive wherein the motor
includes a rotatable rotor having a rotational position characterised by a commutation
angle, and wherein said motor has a torque output that varies according to a torque profile
when said motor is powered by constant drive current, said apparatus comprising:

sensing means for sensing motor power consumption as a function of the
commutation angle;

commutation angle adjustment means for varying the commutation angle until a
point of minimum acoustic noise and power consumption is determined, and

current varying means for varying the drive current applied to said motor during
and between commutations thereof inversely to said torque profile to thereby reduce
torque ripple in said torque output.

14. The apparatus of claim 13 further including power maintenance means

for periodically adjusting said commutation angle to a point of minimum power

consumption during drive operation.
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and between conmutations thereof inversely to said torque profile, to
thereby reduce torque ripple in said torque output. 35. A di sk
drive powered by a notor having a rotor whose rotational positionis
determ ned by a commutation angle, and wherein said notor has torque out put
that varies according to a torque profile-When said notor is powered by a
constant drive «current, said disk drive conprising: nmeans for
sensi ng the power of5.sai dTh@tpparatus of claim bdavigerdinrsaridpowen naiHemaocaMieabs on
angl e of said nmotor until an optinmum

employs said sensing means and said angle adjustment means to periodically adjust said
commutation angle to maintain said point of minimum power consumption during drive
operation.

16. The apparatus of claim 13 further comprising means for determining a
direction in which to change said commutation angle such that the motor power
consumption is decreased.

17. The apparatus of claim 16 wherein said direction determining means
includes:

test means for varying the commutation angle of said disk drive motor in a
selected direction;

power consumption determining means for determining whether power
consumption of said disk drive has decreased as a result of varying the commutation
angle in said selected direction; and

iteration means for repeatedly invoking said test means to adjust said
commutation angle in a first direction for so long as said power consumption determining
means determines that power consumption is decreasing as a result of adjusting said
commutation angle in said first direction and for repeatedly invoking said commutation
angle adjustment test means to adjust said commutation angle in a second direction for so
long as said power consumption determining means determines that power consumption
is decreasing as a result of adjusting said commutation angle in said second direction.

18. The apparatus of claim 17 wherein said iteration means includes means

for invoking said test means to vary said commutation angle until said power

consumption no longer decreases, then to reset said commutation angle to the value
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commut ation angle is determned that yields a point of mninmm power
consunption, and current varying neans for varying the drive
current applied to said notor during and between comrutations thereof
inversely to said torque profile, to thereby reduce torque ripple in said
t or que out put. 36. The net hod- bf- cl ai m 24 wherein the at |east
one operating characteristic is power and acoustic noise.

before the last change in commutation angle effected by said commutation angle

adjustment test means.

19. The apparatus of claim 13 wherein said current varying means varies
said drive current inversely proportional to said torque profile.

20. The apparatus of claim 19 wherein said current varying means further
varies said drive current by applying a value thereto that is proportional to a difference
between said torque profile and an average torque.

21. The apparatus of claim 13 wherein said means for varying said drive
current includes means for reading torque constant values from a torque constant table
based on the rotational position of said information storage disk and applying those values .
to said real time drive current at selected rotational positions of said disk.

22. The apparatus of claim 21 wherein said torque constant table is stored
on said storage disk and read into a random access memory when said disk drive is
powered up.

23. The apparatus of claim 21 wherein the rotational position of said storage

disk is determined by reading index and timing marks contained on said disk.

ey

24. A method for operating a self-commutating brushless d.c. motor for a
disk drive wherein said motor has a torque output that varies according to a torque profile
when said motor is powered by a constant drive current, said method comprising the steps
of:

sensing at least one operating characteristic of said motor;

adjusting a commutation angle of said motor until an optimum commutation

angle is determined that minimizes the magnitude of the operating characteristic; and

R )N AR 1
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-21 - - 37. The disk drive of claim 33, wherein the at |east one
operating characteristic is power and acoustic noi se. 38. A
met hod of mnimzing torque ripple in a disk drive having a rotatable
storage disk and a notor including magnetic stator coils, said notor having
a torque output that varies according to-&8predeterm ned torque profile
when said notor is powered by a constant drive current, conprising the

steps of: eagingl 2hé'gdnd dlgemer@piédigot beid magnat iduriagatnd betiween so
as to comutate said
commutations thereof inversely to said torque profile, to thereby reduce torque ripple in
said torque output.

25. The method of claim 24 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed into
said disk drive.

26. The method of claim 24 wherein said method is performed on a
plurality of disk drives and an average optimum commutation angle is determined
therefrom and programmed into said drives.

27. A method for reducing acoustic noise in a self-commutating brushless
d.c. motor for a disk drive, wherein said motor has a torque output that varies according to
a torque profile when said motor is powered by a constant drive current, said method
comprising the steps of:

sensing the acoustic noise generated by saici drive;

adjusting a commutation angle of said motor until an optimum commutation
angle is determined that yields a point of minimum acoustic noise, and varying the drive
current applied to said motor during and between commutations thereof inversely to said
torque profile, to thereby reduce a torque rippie in said torque output.

28. The method according to claim 27 wherein said method is performed on
said disk drive during drive manufacture and said optimum commutation angle is
programmed into said disk drive.

29. The method of claim 27 wherein said method is performed on a

plurality of disk drives and an average optimum commutation angle is determined

therefrom and programmed into said drives.
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not or ;- and varying the drive current applied to said notor during
and between comutations thereof inversely to said torque profile so as to
mnimze torque ripple. 39. The net hod of mnim zing torque
ripple of claim38 wherein said disk drive further includes a nenory,
further conprising the step of: sti®ring said torque profile in
said nenory as a table of torque constant values indexed to the rotational
position of the diskyp, A method for reducing spindle power in a self-commutating brushless
d.c. motor for a disk drive, wherein said motor has torque output that varies according to a
torque profile when said motor is powered ‘t;y a constant drive current said method
comprising the steps of:

sensing the power consumed by said motor;

adjusting a commutation angle of said motor until an optimum commutation
angle is determined that yields a point of minimum power consumption and

varying the drive current applied to said motor during and between
commutations thereof inversely to said torque profile, to thereby reduce a torque ripple in
said torque output.

31. The method of claim 30 wherein said method is performed on said disk
drive during drive manufacture and said optimum commutation angle is programmed into
said disk drive.

32. The method of claim 30 wherein said method is performed on a
plurality of disk drives and an average optimum commutation angle is determined
therefrom and programmed into said drives,

33. A disk drive powered by a motor having a rotor whose rotational
position is determined by a commutation angle, and wherein said motor has torque output
that varies according to a torque profile when said motor is powered by a constant drive
current said disk drive comprising:

means for sensing at least one operating characteristic of said motor;

means for adjusting a commutation angle of said motor until an optimum

commutation angle is determined that minimizes the magnitude of the operating

characteristic and
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-20-
current varying means for varying the drive current applied to said motor during
and between commutations thereof inversely to said torque profile, to thereby reduce
torque ripple in said torque output.

34, A disk drive powered by a motor having a rotor whose rotational
position is determined by a commutation angle, wherein said motor has torque output that
varies according to a torque profile when said motor is powered by a constant drive
current said disk driving comprising:

means for sensing the acoustic noise of said motor;

means for adjusting the commutation angle of said motor until an optimum
commutation angle is determined that yields a point of minimum acoustic noise, and

current varying means for varying the drive current applied to said motor during
and between commutations thereof inversely to said torque profile, to thereby reduce
torque ripple in said torque output.

35. A disk drive powered by a motor having a rotor whose rotational
position is determined by a commutation angle, and wherein said motor has torque output
that varies according to a torque profile when said motor is powered by a constant drive
current, said disk drive comprising:

means for sensing the power of said motor;

means for adjusting a commutation angle of said motor until an optimum
commutation angle is determined that yields a point of minimum power consumption, and

current varying means for varying the drive current applied to said motor during
and between commutations thereof inversely to said torque profile, to thereby reduce
torque ripple in said torque output.

36. The method of claim 24 wherein the at least one operating characteristic
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-21-

37. The disk drive of claim 33, wherein the at least one operating
characteristic is power and acoustic noise.

38. A method of minimizing torque ripple in a disk drive having a rotatable
storage disk and a motor including magnetic stator coils, said motor having a torque
output that varies according to a predetermined torque profile when said motor is powered
by a constant drive current, comprising the steps of:

energizing and deenergizing the magnetic stator coils so as to commutate said
motor; and

varying the drive current applied to said motor during and between
commutations thereof inversely to said torque profile so as to minimize torque ripple.

39. The method of minimizing torque ripple of claim 38 wherein said disk
drive further includes a memory, further comprising the step of:

storing said torque profile in said memory as a table of torque constant values

indexed to the rotational position of the disk.

[
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APPARATUS AND METHOD FOR REDUCING SPINDLE POWER AND
ACOUSTIC NOISE IN A DISK DRIVE

ABSTRACT

An apparatus and method for reducing spindle power and acoustic noise in a self-
commutating brushless d.c. motor for a disk drive (2) wherein the motor includes a
rotatable stator having a position expressed in terms of a commutation angle having a
magnitude and direction. The method (38-48) senses the spindle power consumption of
the motor as a function of the commutation angle of the motor, and changes said
commutation angle until an optimum commutation angle is determined that yields
minimum power consumption.

Fig.3
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